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Abstract
The former El Paso ASARCO Smelting and Refining Co. operated between 1877 and 1999, the
pyrometallurgic activity was estimated to have discharged excess of a 1,000 tons of lead (Pb) into the atmosphere
from 1969-71. It was estimated 96 tons of (Pb) were emitted on an annual basis from the standing ore and fluid beds.
The Environmental Protection Agency (EPA) determined that lead (Pb) is the heavy metal of the highest
concentration within the vicinity of the smelter. After the smelter production ceased, flash flooding common to the
southwest, such as the 2006 historic flood, increased transportation of superficial contaminants and was expected to
have reduced initial concentrations located on the mountain east of the demolition zone of impact. This served as a
“new” time stamp to base retrospective analysis of (Pb) distribution. Lead absorption by humans has been
epidemiologically associated with delayed effects after exposure and chronic health issues including, but not limited
to, renal disease, neurodegenerative disease, hypertension, and cognitive dysfunction at sub-regulatory levels < 10
µg/dL. The ASARCO smoke stacks were demolished in 2013. A discrepancy in the duration of run-time among the
air-quality monitors the day of the demolition suggests that bystanders observing this event may have been exposed
to (Pb) and other heavy metal contaminants. This study sought to investigate temporal changes in lead concentration
within the vicinity of the former ASARCO site using pre-demolition recorded (Pb) concentrations and observations
collected in 2015 to determine the extent to which lead may have been redistributed during the demolition event, or
other plausible environmental agents governing redistribution processes. Lead concentrations were measured in the
leaves of Creosote Bush (Larrea tridentata) and soil at the base of the plant. Creosote is a known bioaccumulator of
lead that is susceptible to aeolian deposition, and to similar lead protein interactions that may result in oxidative
stress as observed from human exposure to lead. This has rationalized it as a suitable bioindicator for lead
recontamination and health impacts indicative of air quality corresponding to sub-regulatory Blood Lead Levels
(BLL) < 10 µg/dL. Temporal comparison and analysis of soil (Pb) concentrations from 1993, 2001, and 2015
showed anomalously high (Pb) concentrations in 2015, suggesting the force of impact from the demolition of the
former ASARCO smoke stacks in 2013 caused a localized re-contamination event 0.5 to 0.75 mile east of the
designated demolition zone. Spatial analysis of azimuthal trends in (Pb) distribution provided evidence that longterm trends in wind direction appear to have been the dominant source of (Pb) distribution during the smelter
operation. However, after smelter production seized, seasonal rain events and flash flooding likely served as the
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primary mode of transportation of these surficial contaminants, which is complicated by topography, flow dynamics,
metal speciation, and particulate size and mass.
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Chapter 1: Introduction
The ASARCO smelter located in El Paso, Texas (Figure 1) was built in 1877 and its two
612’ and 828’ smoke stacks were demolished in 2013. According to the Center for Disease
Control (CDC), environmental observations through the duration of 1969-1971 estimated that
ASARCO operations discharged over 1 ton of arsenic, in excess of 1,000 tons of lead, and 573
tons of other toxic heavy metals over that period (Perales, 2008). In 1990, further investigations
by the state found that the ore and fluid beds were the source of 96 tons of lead emissions
annually (Drexler, 2003). The EPA Region-6 Final Report on the site determined that lead and
arsenic were the two heavy metals of the highest concentrations found within the vicinity of the
smelter (Drexler, 2003). Furthermore, metal speciation of the surrounding area was investigated
for the following lead compounds (Pb)MO, (Pb)AsO, Fe(Pb)O, (Pb)CO3, and (Pb)Cl4 (Drexler,
2003). These compounds are known to be forged through pyrometallurgic activity or fugitive
dust from the piles of concentrated ore, or slag (Drexler, 2003). The average minimum of lead
compounds associated with these processes was 53-64%, at concentrations of 100-12,000ppm or
greater (Drexler, 2003). The former ASARCO site was designated a superfund site in 2002, and
remediation efforts for on-site (facility) versus off-site (residential) were regulated differently
and were funded separately (Darby 2005; Perales 2008). Fifty-two million dollars were placed
into a custodial trust for the on-site remediation of the ASARCO settlement which also included
a site in Amarillo, Texas (Darby 2005). The scope of remediation off-site was limited to
residential and urban areas of high traffic within a three-mile (4,828 meters) radius on the U. S.
side of the border (Drexler 2003; Darby 2012; Grimida 2013; Hernandez 2011). According to
Valdez (2013), in 2008 the total amount of eight million dollars allocated for the purpose of offsite remediation had been spent (Darby, 2012). Texas Senator Shapleigh stated the number of
1

residential properties that received these efforts total 955 from just under 4,000 properties tested
for heavy metals (Darby, 2012).
A concise summary of the demolition proceedings is as follows. The ASARCO site
smoke stacks were scheduled for demolition early at 6:55am in the morning to avoid daily winds,
each stack weighed in excess of 30,000+ tons of concrete and rebar (Orden 2013; Kolenc 2013).
Three hundred pounds of explosives were used to demolish the smoke stacks in succession of
each other within thirty-five seconds and fell inside a designated zone of impact (Orden, 2013).
A dust monitoring system containing sixteen points of location was set in place to collect air
quality data during the demolition process (Figure 3; Table 1) (Kolenc, 2013). Bystanders were
positioned at various locations within half a mile (804 meters) or less on the eastern mountain to
record and observe this locally historic event (Figure 2). The force of impact was sufficient to
mobilize a substantial amount of surface matter, as demonstrated by numerous unofficial video
recordings available on social media of that day. Demolition plume particulate matter (PM) >
20

was likely grounded promptly by gravitational forces; however, PM

are subject

to long distance wind driven transportation or impaction processes with vegetative structures
(Berner et. al. 1996). The question of interest addressed in this thesis is “To what degree was
contaminated debris potentially redistributed during the demolition?”

2

Figure 1: The former ASARCO site located in El Paso, Texas at the junction of a tri-state, tricounty, tri-city area on the border of the United States and Mexico.
The old ASARCO site itself still had several more years of cleanup ahead of it after demolition
(Orden, 2013). The level of contamination on-site the day of demolition is unknown. Several
sources of information indicate that the soil around the site was still significantly contaminated
during demolition. Project Navigator Ltd. provided reference material to workers aiding with the
demolition process to inform them of the level of risk from contaminants present in the soil
(ASARCO: Site-Specific Health & Safety Plan (SSH&SP). The SSH&SP stated the average soil
concentration of lead on-site was reported at 26,523ppm (Environmental Resource Management,
2011).

3

Figure 2: A map of the zone of impact for ASARCO smoke stacks the day of demolition 13 Apr.
2013 produced (center). A mountainous area on the other side of the interstate highway-10
adjacent to the zone of impact lies to the East. (Modified from, Malcome Pirnie 2013)
A brownfield report conducted by the local Community Scholars program in 2010 states
that excavation of the contaminated soil from the industrial site (Phase-2: Surface Soils &
Surface Water) was not to take place until after the demolition of the smoke stacks (Phase-1: Site
Demolition) (Contreras et al., 2010). The ASARCO Chimney Demolition Plan submitted on
March, 15th 2013 stated that a 1ft. layer of non-contaminated soil would be placed on the zone of
impact and extend 30% past the chimney distance to minimize redistribution of contaminated
soil (Project Navigator Ltd. 2013). This was further supported by berms to trap fugitive debris in
an attempt to comply with the National Ambient Air Quality (NAAQ) lead standard 0.15
4

.

The Wall Street Journal reported the ASARCO site would still require several more years of
cleanup after the scheduled demolition (Orden, 2013). According to an El Paso Times article
interviewing the former ASARCO Custodial Trust Trustee, Robert Puga, from Project Navigator
Ltd., nine cores had been sampled from the stacks prior to demolition, and data concluded there
was nothing residual in the stacks that was harmful to human health (Kolenc, 2013). The smoke
stacks and soil were sampled for chemical analysis in November 2012 prior to decontamination
efforts of the stacks (Project Navigator Ltd., 2016). The sampling plan stated multiple samples
would be collected from the base of both stacks (Project Navigator Ltd, 2016). The core samples
would be removed from the inner and outer walls up to 100ft. in height from each respective
stack, and cores were ground for analysis (Project Navigator Ltd, 2016). The public access
website documenting the progress of the remedial activities only had documentation available for
the chemical analysis of the 600ft. stack. The 2012 report shows a pre-decontamination (Pb)
concentration at 73,000ppm and a post-decontamination (Pb) concentration of 83,000ppm from
sample No. LSI-COMP3QA (ALS Environmental 2012; ALS Environmental 2013). It is not
well understood why the lead concentration increased after efforts to remove contaminated
materials prior to the demolition. Note. Only one document explicitly states “Stack Dust,” the
others use the terms soil and solid which are interchangeable in referencing stack-dust versus soil
matrices for acid digestion. The aforementioned results used the same method of analysis
SW6020 validating the assumption that they are pre-and post stack decontamination assessments
(ALS Environmental 2012; ALS Environmental 2013). A composite of four other samples
collected on 10 April 2013, two days prior to the stack demolition, were analyzed and yielded
“soil-matrix” (Pb) content between 10,000 and 15,700ppm (TestAmerica, 2013). The amount of
contamination varies from report to report, it is not known with certainty at what stage of

5

cleanup, or acceptable level of toxicity, the actual zone of impact, or smoke stacks, had upon the
day of demolition. The United States EPA and Texas Commission on Environmental Quality
(TCEQ) screening levels stipulated for land use are as follows: residential 400-500ppm, and
industrial 1,000ppm (Beck, 2002). It is assumed whatever the level of lead contamination onsite, the concentration post-remediation efforts would at best meet the threshold for industrial
sites of 1,000ppm. If the concentrations on-site were at the residential threshold of 400-500ppm,
or industrial levels, the health risk exposure ratio of 2:1 (2µg Pb/dL) / (1

) indicates

that the expected blood lead levels could still exceed the current adult Blood Lead Level (BLL) <
10 µg/dL associating lead with various chronic illnesses (Beck 2002; Khoury 2003).

Figure 3: Aerial map of the 16 locations of air monitors 13 Apr. 2013. United States monitors
(blue) and the Mexican monitors 2 of 3 (green). (Modified from Malcome Pirnie, 2013).
6

The Malcom Pirnie report summarizing the particulate matter results of the 16-point 24hour air quality monitoring system on the day of the demolition show that the NAAQ standard
was exceeded at only one location in Juarez, Mexico (Figure 3, Table 1) (Malcolm Pirnie Inc.,
2013). However, the United States monitors only recorded air-quality for four hours after the
demolition, the Mexican monitors ran for 17 hours post demolition (Table 1) (Malcolm Pirnie
Inc., 2013). A concise chronological list of the most relevant investigations conducted and
reports on the heavy metals contamination associated with the El Paso ASARCO smelter are
binned with consideration of the 2006 flood and demolition activities provided in Table 2a-c.
This project sampled soil and Creosote Bush lead content in the area surrounding the demolition
site to spatially and temporally compare lead concentration distributions with prior studies, and
assess the potential lead fallout post demolition of the former ASARCO smoke stacks while
exploring other plausible environmental forcing agents of lead redistribution. The basic
assumption of this project is that concentrations have declined over time due to wind and local
hydrology which should aid in the retrospective investigation of soil (Pb) content pre-and postdemolition. Our hypothesis was that in the absence of any prior natural processes redistributing
the contaminant, concentrations would be expected to be highest near the point source and
decline equilaterally in all directions away from point source. This concentric pattern around the
site would be expected to be distorted toward the direction of the wind on demolition day.
Deviations from a concentric pattern could also be indicative of the presence of natural agents of
contaminant redistribution such as wind or water over time.

7

Table-1: A comparison of
,
, and (Pb) data over the 24-hour period from the demolition
event. The United States monitors recorded lower PM levels than Mexican (SEMARNAT). The
duration of run-time after the demolition differed between the two countries. SEMARNAT
reported only one location (ACS), which exceeded the NAAQ three month rolling average for
lead. ESL is effective screening level. (Modified from Malcom Pirnie, 2013).

Table-2a: A chronological listing of the most relevant studies of El Paso contamination from
ASARCO, and related reports on remediation and demolition. The title column bins the studies
with consideration of temporal association to the Flood of 2006.

8

1993
•
•
1994
•
•
•

MS Thesis: An evaluation of metals concentrations in surficial soils, El Paso County, Texas. Barnes, B. E.
(1993).
MS Thesis: Heavy metals in soils in the vicinity of the University of Texas at El Paso Campus (El Paso County,
Texas). Ndame, E. C. (1993).
MS Thesis: Survey of Heavy Metals Concentration in Soils of Downtown El Paso to UTEP. By: Dilip Kumar
Devanahalli
MS Thesis: Heavy Metal Contamination Public Parks, El Paso TX to UTEP. By: Shyam Srinivas.
Survey of heavy metal concentrations of soils in downtown El Paso, Texas. Srikantaiah, D. D. (1994).

1996: Gardea-Torresdey, J. L., Polette, L., Arteaga, S., Tiemann, K. J., Bibb, J., & Gonzalez, J. H. (1996, December).
Determination of the content of hazardous heavy metals on Larrea tridentata grown around a contaminated area. In
Proceedings of the Eleventh Annual EPA Conf. On Hazardous Waste Research (p. 660).
1998
•

PRE-2006 FLOOD
Related Studies
ASARCO Heavy Metals & Bioaccumulation

•

Adsorption of toxic metal ions from solution by inactivated cells of Larrea Tridentata (Creosote Bush). J. Hazard.
Subst. Res, 1(1. 34), 16. Gardea-Torresdey, J. L., Hernandez, A., Tiemann, K. J., Bibb, J., & Rodriguez, O.
(1998).
Mackay, W. P., Mena, R., Pingitore JR, N. E. etal. (1998). Seasonal changes in concentration and distribution of
heavy metals in Creosote bush, Larrea tridentata (Zygophyllaceae), tissues in the El Paso, TX/Ciudad Juarez,
Mexico area. SIDA, Contributions to Botany, 287-296.

1999: Gardea-Torresdey, J., Tiemann, K., Polette, L., Chianelli, R., Pingitore, N., & Mackay, W. (1999). U. S. Patent No.
5,927,005. Washington, DC: U. S. Patent and Trademark Office.
2000
•
•
•
2001
•
•
•

XAS and microscopy studies of the uptake and bio-transformation of copper in Larrea tridentata (Creosote Bush).
Microchemical Journal, 65(3), 227-236. Polette, L. A., Gardea-Torresdey, J. L., Chianelli, R. R., George, G. N.,
Pickering, I. J., & Arenas, J. (2000).
The US-Mexican border environment: water issues along the US-Mexican border (No. 2). SCERP and IRSC
publications. Westerhoff, P. (Ed.). (2000).
Absorption of Copper (II) by Creosote Bush (Larrea Tridentata): use of Atomic and X-Ray Absorption
Spectroscopy. J. L. Gardea-Torresdey, Pingitore etal.
Analysis of Temporal and Spatial Dichotomous PM Air Samples in the El Paso-Cd. Juarez Air Quality Basin. By:
Wen-Whai Li, Pingitore etal.
“Site Assessment Report: El Paso- Dona Ana County Metals Survey” Weston Solutions Inc., El Paso, Texas. “US
Environmental Protection Agency, Region 6 (2002).” *Beck, Robert.
Indoor Sampling: Determination of As, Cd, Cr, and Hg in SRM 2584 (Trace Elements in Indoor Dust) by highresolution inductively coupled plasma mass spectrometry. Fresenius' journal of analytical chemistry, 370(7), 834837. Yu, L. L., Vocke, R. D., Murphy, K. E., & Beck Ii, C. M. (2001).

2003: Report: The Source of Anomalous Lead and Arsenic Concentrations in Soils from the El Paso Community—El
Paso, Texas. US Environmental Protection Agency, Region, 6. Drexler, J. W. (2003).
•
2004
•
•
•
2005
•
•
•

Paschold, H., Li, W. W., Morales, H., Pingitore, N. E., & Maciejewska, B. (2003). Elemental analysis of airborne
particulate matter and cooling water in west Texas residences. Atmospheric Environment,37(19), 2681-2690
Assessment of arsenic and heavy metal concentrations in water and sediments of the Rio Grande at El Paso–
Juarez metroplex region. Environment International, 29(7), 957-971. Rios-Arana, J. V., Walsh, E. J., & GardeaTorresdey, J. L. (2004).
Characterization and implication of potential fugitive dust sources in the Paso Del Norte region. Science of the
Total Environment, 325(1), 95-112. Garcıa, J. H., Li, W. W., Arimoto, R., Okrasinski, R., Greenlee, J., Walton, J.,
& Sage, S. (2004).
Report: Removal Assessment Report
Gardea-Torresdey, J. L., Peralta-Videa, J. R., De La Rosa, G., & Parsons, J. G. (2005). Phytoremediation of heavy
metals and study of the metal coordination by X-ray absorption spectroscopy. Coordination chemistry
reviews, 249(17), 1797-1810.
Benitez-Marquez, E. (2005). Identifying statistical trends for environmental quality based on archival
convenience databases. Unpublished
PhD Dissertation, University of Texas at El Paso, El Paso TX. <
9
http://digitalcommons. Utep. Edu/dissertations/AAI3209843.
Toxic metals in the air and soil of the Paso Del Norte region. The US-Mexican Border Environment, 131-171.
Pingitore Jr, N. E., Espino, T. T., Barnes, B. E., Gardea-Torresdey, J. L., Clague, J. W., Mackay, W. P., . . . &
Herrera, I. (2005).

POST- 2006 FLOOD
Related Studies & Reports
ASARCO Heavy Metals & Bioaccumulation

Table-2b: A chronological listing of the most relevant studies of El Paso contamination from
ASARCO, and related reports on remediation and demolition. The title column bins the studies
with consideration of temporal association to the flood in 2006.
2006: Meteorological aspects of the 2006 El Paso Texas metropolitan area floods. National Weather Digest, 33, 77-101.
Rogash, J., Hardiman, M., Novlan, D., Brice, T., & MacBlain, V. (2009).
2009: Urban airborne lead: X-ray absorption spectroscopy establishes soil as dominant source. PLoS One, 4(4), e5019.
Pingitore Jr, N. E., Clague, J. W., Amaya, M. A., Maciejewska, B., & Reynoso, J. J. (2009).
2010: Heavy Metal Distribution and Bioaccumulation in Chihuahuan Desert Rough Harvester Ant (Pogonomyrmex,
rugosus) populations. Del Toro, K. Floyd, J. Gardea-Torresdey.
2011:
•

•

2012:
•
•

Final Report Border Project 2012. Evaluation of Metal and Metalloid Contamination in Juarez, Chihuahua.
“Evaluación de la contaminación por metales y metaloides en Juárez, Chihuahua.” Border Environment
Cooperation Commission. “Comision de Cooperacion de Ecologica Fronteriza” Hernández, F. E. P.
Site-Specific Health & Safety Plan: ASARCO. Texas Custodial Trust c/o Project Navigator Ltd., El Paso
Smelter Demolition. 11 Jan. 2011.

Aerosol and air toxics exposure in El Paso, Texas: A pilot study. Aerosol and Air Quality Research, 12(2),
169-189. Chen, L. W. A., Tropp, R. J., Li, W. W., Zhu, D., Chow, J. C., Watson, J. G., & Zielinska, B. (2012).
600’ ASARCO Stack Analytical Data Report: Core Sample. ALS Environmental. Hook, Jacob. 12 Nov. 2012

Table-2c: A chronological listing of the most relevant studies of El Paso contamination from
ASARCO, and related reports on remediation and demolition. The title column bins the studies
with consideration of temporal association to the ASARCO tower demolition in 2013.

POST-DEMOLITION
STUDIES & REPORTS

2013:
•

Stack Demolition Plan. Texas Custodial Trust c/o Project Navigator Ltd., 5 Apr. 2013.

•
•

Preliminary Chemicals Concentration Data Summary Stack Demolition
Sampling Results for Onsite and Offsite Air Monitoring Locations. Malcom Pirnie Inc. Project Manager;
Brown, Scott 26 April 2013.

•

Unique seismic controlled sources: Using the demolition of smelter tower stacks and the City Hall in El Paso,
TX for a seismic survey. In AGU Fall Meeting Abstracts (Vol. 1, p. 2352). Montana, C. J., Gonzalez-Huizar,
H., Kaip, G., & Velasco, A. A. (2013, December).

•

Lead and associated heavy metal distribution in Ciudad Juarez, Mexico (Doctoral dissertation, THE
UNIVERSITY OF TEXAS AT EL PASO). Grimida, S. E., Pingitore, N. E., (2013).

2016: The Board of Regents of The University of Texas System authorized to proceedings on the potential purchase of
the former El Paso ASARCO Smelter (Project Navigator Ltd., 2016).
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Chapter 2: Background

2. 1 Demolition
According to Agamuthu (2008), demolition and renovation produce up to 90% of all
construction and demolition waste (C&D Waste), and the waste byproducts of demolition are up
to 30 times higher than the amount of waste produced in construction events (Jeffrey, 2011).
During a demolition event, it is common to remove the entire structure of interest, and 60% of
the waste produced is of a concrete, brick, or of masonry material (Jeffrey, 2011). The
implementation of an adaptive-demolition procedure known as selective-demolition is intended
to repossess reusable items to turn a profit through the resale of those recyclable materials, which
can include aggregates like asphalt and masonry (Jeffrey, 2011). Another method of adaptivedemolition referred to as complete-deconstruction (selective-dismantling) incorporates the
disassembly of whole structures in a modular fashion (Jeffrey, 2011). Contaminated materials
can present difficulty in recycling the byproducts from construction and demolition events
(Jeffrey, 2011). With regard to the El Paso ASARCO Smelter, the implementation of completedeconstruction (selective dismantling) through the use of cranes may have been underutilized in
the demolition of ASARCO smoke stacks as a form of continued assurance of air quality, and
preventative measure toward the resuspension of contaminated surface soil upon impact. As a
whole, the selective dismantling of contaminated industrial sites, and application of technology
through relevant engineering and technology, may be underutilized in demolition events of a
larger scale. With regard to the 828ft. (252m) ASARCO smoke stack, many members of the
community desired to leave it in place as an historical site. For this to have been feasible, the
stack would have had to have met the wind and seismic engineering thresholds for structural
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integrity consistent with analysis methodologies of the American Concrete Institutes (ACI) code
requirements for reinforced concrete (ACI-307-08, ASCE 7-02), the International Building
Codes (IBC) 2003, and the Texas Building Codes (ARCADIS, 2010). The structural analysis
conducted by ARCADIS (Project No: AZ001209. 0001) in 2010 deemed the 3ft. (0.9m) thick
outer shell of the tallest smoke stack up to code; however, the inner concrete liner (inner-wall)
was not up to code with the same confidence level and did not meet seismic loading codes
(ARCADIS, 2010). In order for the inner liner to meet code requirements it would have had to
been retrofitted at a cost of $5.8 million to reduce its height by 110 feet (ARCADIS, 2010). The
ability to reduce the height of the smoke stacks further suggests that a kind of piece by piece
dismantling of the smokes stacks could have been achieved as a preventative measure that there
would be no recontamination involved in the demolition process. Ultimately, the reason the
smoke stack was never retrofitted was because the capital required for long term upkeep and
maintenance would have had to been funded privately. The annual costs alone would be
$114,000, the outer shell maintenance every 12 years would amount to $440,000, and the inner
liner maintenance every 22 years was estimated at $1.13 million dollars (ARCADIS, 2010). This
would have amounted to $14 million over the span of 50 years (ARCADIS, 2010). The Texas
Commission on Environmental Quality (TCEQ) estimated the total amount allocated to the
overall demolition process was set at $8.9 million (TCEQ, 2009).
The regulations on demolition waste have been left to the interpretation of policymakers
at the state level, and have not been extensively regulated at the federal level (Clark, Jambeck,
and Townsend, 2006). Federal regulation of C & D debris is treated as a part of Municipal Solid
Waste (MSW) through the Resource Conservation and Recovery Act (RCRA) (Clark et al.,
2006). It is for these reasons that the definitions of C & D management and their respective
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protocols vary from state to state (Clark et al., 2006). Additional environmental factors that
dictate some of the state level regulations include the local geology, soil type, and annual
temperature and precipitation (Clark et al., 2006). Substantive risk to human health via
recontamination events results from mismanagement of industrial sites due to inadequate
definitions of construction waste and demolition debris, inefficient protocols, and pressure to
meet legally mandated deadlines (Clark et al. 2006; Jeffrey 2011). According to Clark et al.
(2006), the EPA does not regulate demolition debris. The 2008 EPA adjusted National Ambient
Air Quality (NAAQ) Standard of 0.15

helps mitigate practices like demolition where air

contamination may be involved (EPA, 2016). During demolition events, perimeter air monitoring
systems are employed to assess whether aerosol emissions exceed the (NAAQ) standard of 0.15
(EPA 2016; Khoury 2003). Industrial sites specifically present risk by containing
lead and other contaminants that are a source of fugitive dust through disturbance phenomena
like demolition and remediation processes (Khoury, 2003). Demolition plume particulate matter
(PM) > 20

is likely to be grounded promptly by gravitational forces, however PM

are subject to long distance wind driven transportation or impaction processes with vegetative
structures (Berner et. al., 1996). A Blood Lead Level (BLL) from lead exposure can be expected
to manifest by a ratio of 2 µg/dL of BLL to every 1

of ambient lead (Khoury, 2003).

2. 1. 2 Agents of Redistribution
Weather can further govern the redistribution of post-demolition particulate debris. In the
arid American Southwest, the climate is characterized by seasonal variations of low annual
precipitation, wind storms, thunderstorms, and flash flooding that may redistribute contaminants
long after a demolition event (Moran, 2010). Record breaking torrential rains throughout the El
Paso Metropolitan Area (EPMA) over a nine-day period from July 27th to August 4th produced
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flash flooding that resulted in 300 million dollars in property damages (Rogash, Hardiman,
Novlan, Brice, & MacBlain, 2009). The Rio Grande River located within half a mile (804
meters) from the ASARCO Smelter site overflowed multiple times reaching levels
unprecedented since 1912 (Rogash et al., 2009). During this period, August 1st received the most
intense rainfall reaching up to 10 inches of rain, or more in some areas (Rogash et al., 2009).
Arroyos and streams exceeded flow capacity and water swept in to the streets with enough force
that it relocated vehicles (Rogash et al., 2009). A state of emergency was declared over the
EPMA and its neighboring cities (Rogash et al., 2009). Some nearby cities outside of the EPMA
had mud up to four feet deep. Extensive evacuation and rescue were necessary, and damage to
homes deemed them permanently uninhabitable (Rogash et al., 2009). The late ASARCO site
and the surrounding two-mile (3,218 meters) radius of interest are located almost at the epicenter
of a flood plain where rain water descends from mountains; and converges onto the Rio Grande
River, from the east and west (Figure 4) (Rogash et al., 2009; Drexler 2003). The run-off and
flooding from this area are presumed to have been severe enough to transport and reduce the
initial lead concentrations near, and around, point source prior to the demolition which would
provide a better temporal assessment of pre, and post, demolition lead concentrations.
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Figure 4: NWS precipitation choropleth map for the most severe day 4 Aug. 2006 of torrential
rain (inches) experienced during the 9 days of the 2006 flood over the EPMA. The Rio Grande
River (Blue line) divides the United States from Mexico. The area encircled (Black) is the
general location of the previous ASARCO site (Modified from, Rogash et al., 2009).
However, the fate of transport and percolation of contaminants is further complicated by
local geology which predetermines alkalinity and porosity. It dictates whether transport will
occur across subsequent soil horizons and into underground water reserves as the geology
changes between sub-regions over a geographic area. According to the EPA, lead occurs
naturally in the surficial soil up to 200 ppm (Grimida, 2013). It acts as a weak Lewis acid in soil,
and according to Lee et al. (1998) bioavailability potential is magnified by pH (3.0-8.5) (Sharma
& Dubey, 2005). In Blaylock and Coworkers (1997), the presence of phosphates and carbonates
in soil retards the bioavailability of lead to plants by reducing its solubility in soils at (5.5-7.5
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pH) (Sharma & Dubey, 2005). In the El Paso southwest region, the soil is typically nutrient
depleted and retains higher alkalinity due to saltation from the high rate of evaporation and low
annual precipitation, the soil remains at a near neutral range of acidity between (6.0-8.5 pH)
(Drexler, 2003). According to Blaylock and Coworkers (1997), the large atomic radius of (Pb)
attributes to a strong covalent nature in ionic bonding with organic and colloidal matter in
regolith (Sharma & Dubey, 2005). The lack of acidity in the soil does not create conditions that
enhance the mobility of lead, which prevents downward percolation and localizes these
concentrations to the surficial soil horizons (Drexler, 2003). The pyrometallurgically sourced
lead compounds found on-site include, (Pb)MO, (Pb)AsO, Fe(Pb)O, (Pb)CO3, Slag, and (Pb)Cl4
(Drexler, 2003). The late ASARCO facility was high in Anglesite which is a natural source of
(Pb)SO4, and had insignificant amounts of Cerrusite which is a natural source of (Pb)CO3. Lead
carbonate is also found in lead-based paint which is likely the source of its presence due to the
fact that there was little Cerrusite (Drexler, 2003). Soil-forming lead compounds were found, and
are likely the result of geoweathering of pyrometallurgical and concentrated sources (Drexler,
2003). In addition, local topography (slope and aspect) can mediate the direction of mobilized
contaminants and the location of sinks. Other weather conditions such as seasonal and annual
prevailing wind trajectories can provide a directional component to patterns of contaminant
redistribution through erosional processes.
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2. 2 Health Impacts
Substantive risk to human health via recontamination events results from mismanagement
of industrial sites due to overly simplistic construction waste and demolition debris definitions,
protocols, and legally mandated deadlines (Clark et al., 2006; Jeffrey 2011). The bioavailability
of lead is mediated by particle size and shape (ATSDR, 2016). When lead enters the soil, it
adsorbs to particulate matter forming compounds, these compounds are subject to change as their
physical and chemical properties interact with water, air, and sunlight (ATSDR, 2016). Lead, and
lead compounds can be aerosolized on dust and debris, or emitted from industrial activity,
traveling extended distances through the atmosphere (ATSDR, 2016). Lead compounds can
percolate into groundwater depending on soil composition (ATSDR, 2016). The primary route of
lead exposure among the human population is ingestion, followed by inhalation, and less
commonly in a form available through dermal contact (ATSDR, 2016).
Lead absorption by humans has been implicated in a wide variety of health issues
including renal disease, neurodegenerative disease, hypertension, and cognitive dysfunction
(Ahamed, 2007). The most common deterministic measure of lead exposure is Blood Lead Level
(BLL). From 1960-1985, the U.S. regulated acceptable blood lead level (BLL) decreased from
60 µg/dL to 25 µg/dL (Ahamed 2007; Needleman 2004). Currently, the BLL is effectively < 10
µg/dL in adults, and ≤ 5 µg/dL in children (CDC, 2016). As new studies are published on the
effects of lead at various BLLs, it has been an ongoing effort to lower thresholds to reduce risk.
Associations with chronic disease have been reported below these thresholds, and there is no
longer considered to be any safe level of lead exposure (Ahamed 2007; ATSDR 2016). In 2008
the Environmental Protection Agency’s National Ambient Air Quality (NAAQ) Standard of
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1978 was lowered from 1.5

to 0.15

(EPA, 2016). For every ambient 1

the expected BLL concentration resulting from exposure is 2 µg/dL, this is a two to
one ratio (Khoury, 2003). However, the efficacy of BLL as a suitable biomarker is suspect due
to the fact that BLL concentrations have a half-life of thirty-five days from the time of exposure
(Needleman, 2004). Contrary to the thirty-five-day half-life of BLL indication, in Schwartz,
Stewart, and Bolla et al. (2000), cognitive deficits which include dementia have been observed in
adults sixteen years after exposure and are reported to be dose-related (Needleman, 2004.) The
half-life of (Pb) in bone is 27 years (Abadin, 2007). Cancellous bone serves as a receptacle for
lead, 50 percent of this bone demineralizes over a woman’s lifespan. (Needleman, 2004). A
study by Silbergeld, Shwartz, and Mahaffy (1988) of postmenopausal women reported higher
BLL than premenopausal women (Needleman, 2004). This may suggest delayed release as a
result of bone demineralization (Silbergeld et al., 1988; Needleman, 2004). BLL as low as 8
µg/dL in Muldoon, Cauley, Kuller et al. (1996), were reported to impair cognitive performance
in senior women among their cohort containing lesser BLLs (Needleman, 2004). Follow-up
studies on subjects of previous childhood lead exposure found effects of lead on cognition
persisted years beyond initial exposure (Needleman 1990; Needleman, 2004).
At sub-regulatory blood lead levels, Langphear et al. (2000), observed deficits in
psychological performance in math and literacy in children where the mean BLL was 1.9 µg/dL
(Needleman, 2004). Vuppurturi, Mutner, Bazzano et al. (2003), have associated BLL<10 µg/dL
with hypertension (Needleman, 2004). Blood Lead Levels of 4.2

10 µg/dL, have been

associated with chronic renal disease (Vuppurturi et al. 2003; Abadin 2007; Ahamed 2007).
Blood lead levels of 2 µg/dL were reported to raise the odds of death by stroke and
cardiovascular disease (Ahamed, 2007). According to Markovac and Goldstein (1988), at
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picomolar concentrations lead disrupts the calcium kinetics of cells, like astrocytes Goldstein
(1991), by competing for calcium binding sites (Needleman, 2004). Epidemiological research
found low-dose exposure to lead has a graded effect on how symptoms of disease manifest, and
has potential to cause oxidative stress (Ahamed, 2007). However, induced oxidative stress from
(Pb) exposure has yet to be subjected to thorough investigation (Ahamed, 2007). The effects of
lead toxicity are attributed to duration, particle size, species, and concentration. Sub-chronic
exposure to nano lead-oxide (Pb)O in mice exhibited behavioral changes, weight loss, and
greater accumulation in muscle and intestinal tissues (Shaikh, Shyama, & Desai, 2015). The
physiological impact of (Pb) at the cellular and molecular scale is complicated. However, lead is
known to have an affinity for a multitude of target sites, including the sulfhydryl groups
responsible for tertiary structure in proteins and enzymes (Needleman, 2004). High lead
concentrations in the blood are associated with oxidative stress, inhibition of intercellular
communications and of self-regulating functions of DNA (Abadin, 2007). These DNA
perturbations could indirectly lead to cancers (Abadin, 2007). The most widely studied diseases
associated with (Pb) exposure at lower levels are neurodegenerative diseases, hypertension, renal
disease, and impaired cognition, and are also known to have an association with oxidative stress
(Ahamed, 2007). Lead has also been known to increase the number of reactive oxidative species
(ROS) in plants resulting in oxidative stress (Sharma & Dubey, 2005). The shared susceptibility
of plants and humans to ambient lead exposure and similar lead-protein interactions which result
in oxidative stress has rationalized Creosote Bush (Larrea, tridentata) as a suitable bioindicator
for health risk as a result of air quality at the cellular level.
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2. 3 Heavy Metals and Plants
The bioavailability of heavy metals to plants is dependent upon abiotic factors which
include, local trends in weather, soil composition, chemistry, pH, metal speciation, and
concentration (Nagajyoti, Lee, & Sreekanth, 2010). The unique metabolic processes of
vegetation have an significant association ecologically in the redistribution of heavy metals
through the air, soil, water, and resultant biological matrices (Nagajyoti et al., 2010). The
capacity for the bioaccumulation, storage and distribution, of heavy metals within plants is
species specific (Nagajyoti et al. 2010; Sharma & Dubey 2005. ). In Antosiewicsz, 1992
hyperaccumulators fall into three categories by adaptive mechanism: accumulators, indicators,
and excluders (Seregin & Ivanov, 2001).
Antosiewicz (1992), stated the “accumulators” contain the bulk of metal localized in the
shoots (Seregin & Ivanov, 2001). “Indicators,” as the name implies, have tissue concentration
that is a direct reflection of soil contaminant concentration (Seregin & Ivanov, 2001).
“Excluders” can adaptively keep metal concentrations at a lower threshold despite high metalsoil concentrations (Seregin & Ivanov, 2001). In Kumar et al. (1995), the soil to root interface is
primarily observed to be the source of lead accumulation from contaminated soil. (Sharma &
Dubey, 2005). Leaf morphology determines a plant’s susceptibility to aeolian deposition of airborne contaminants where accumulation and translocation can be concentration dependent
(Sharma & Dubey, 2005). The concentration of (Pb) in aerial appendages commonly decreases
as a function of distance from the root (Sharma & Dubey, 2005). According to Misra and Mani
(1991), in the natural environment, the expected normal range of lead concentration found in
terrestrial plant tissues is between 1-13 ppm (Nagajyoti et al., 2010).
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Intracellular and extracellular lead affinity for sulfhydryl groups affects enzyme function
in plants, and at the organismal level has been associated with changes in morphology and
growth (Nagajyoti et al., 2010). Growth affects coupled by lead-induced morphological changes
in leaves causes a declination in overall surface area (Seregin & Ivanov, 2001). There is
interference with a multitude of metabolic pathways; notably it can result in the closure of the
stomata causing CO2 deficiency (Seregin & Ivanov, 2001). One of the apparent net effects of
lead on leaf function is that it reduces transpiration and increases respiration (Seregin & Ivanov,
2001). Reddy et al. (2005), lead increases the number of reactive oxidative species (ROS) in
plants resulting in oxidative stress, there is also disturbance and reduction of photosynthetic
mechanisms and overall photosynthesis (Nagajyoti et al. 2010; Sharma & Dubey 2005). Lead
disrupts the acquisition of trace elements considered to be plant nutrients likely through ionchannel disruption and changes to cell wall integrity (Sharma & Dubey, 2005). Another side
effect of lead exposure is that the amount of protein in tissues declines with lead toxicity
(Sharma & Dubey, 2005).
2. 3. 2 Creosote Bush
Other names for Creosote Bush in the United States include Chapparal and
“Greasewood” (Arteaga, Andrade-Cetto, & Cardenas, 2005). In Mexico, it is also referred to as
“gobernadora” (governess) and “hediondilla” (little smelly one) (Arteaga et al., 2005). According
to the US National Forest Service, the spatial distribution and occupation of Creosote in the
Chihuahuan Desert accounts for 40 percent (Marshall, 1995). In Van Auken (2000) and Whitford
et al. (2001), Creosote has taken over 19 million ha. of indigenous grasslands and is considered
an indicator of ongoing processes of land desertification (Arteaga et al., 2005) The Creosote
Bush is a perennial drought-tolerant plant ubiquitous to the deserts of the North American
continent that is classified as a dichotomous evergreen shrub (Arteaga et al., 2005). Huang &
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Cunningham (1996), the root systems of plants that are dichotomous are known to have a greater
absorption of lead than plants that are monocots (Sharma & Dubey, 2005). According to the US
Forest Service, the plant’s dimensions reach up to 4 meters (13ft.) in height above ground, and
the root system including the primary (taproot) and secondary (lateral roots) reach overall depths
between 2.6ft. (0.81m) and 1. 16ft. (36m), respectively (Illustration 1) (Marshall, 1995). The
lateral root system, situated at shallower depths, extends outward from the plant at lengths up to
10 feet (3m) (Marshall, 1995).

Illustration 1: Creosote Bush Dimensions
Rain events in the Southwestern United States provide the response stimuli for transitions
between phenological phases (Marshall, 1995). The surface area of the leaves is small containing
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dimensions that have a length by width range of 0.28-0.7in. (7-18mm) and 0.16-0.33in. (48.5mm), respectively (Illustration 1) (Marshall, 1995). In Verma and Dubey (2005), antioxidants
and super oxide dismutase (SOD) increased in rice plants with increased concentration in (Pb)
treatments as a result of increased reactive oxygen species (ROS) (Nagajyoti et al., 2010).
According to Mabry & Bohnstedt (1981), Xue et al. (1988), fifty percent of the leaf’s dry weight
consists of extractable constituents, 0. 1% of which is volatile oils containing 67 identifiable
compounds that attribute to 90% of the makeup of these volatile oils, and over 300 other
components in the remainder 10% (Arteaga et al., 2005). Konno et al. (1991), the leaves of
Creosote Bush are coated in a resin that consists of 19 flavonoid aglycones and a list of various
lignans that include the potent antioxidant Nordihydroguaiaretic Acid (NDGA), which is
secreted from the epidermal glands of the stipules located on the knots of the plant (Arteaga et
al., 2005). NDGA accounts for five to 10% of the dry weight in Creosote leaves (Illustration 2)
(Arteaga et al., 2005).
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NDGA: Ethnobotanical Super-Antioxidant

Illustration 2: Nordihydroguaiaretic Acid (NDGA) (Modified from Arteaga et al., 2005)

NDGA is also found in the flowers, green and small woody stems, and serves as a repellent for
herbivorous desert fauna (Arteaga et al., 2005). The plant has a distinct odor and bitter flavor that
is attributed to the vinyl and methyl ketones associated with its phytochemistry (Arteaga et al.,
2005). There are a multitude of reports of the use of Creosote Bush in ethnobotany, it is believed
that the traditional medicines prepared from it to treat various conditions relies on NDGA as the
active ingredient (Table 3; Arteaga et al, 2005).
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Table 3: A list of documented uses of the Creosote Bush in ethnobotany. The primary active
agent is assumed to be the NDGA molecule, a potent antioxidant (Modified from Arteaga et al,
2005).
Use: Leaves & Stems

Reference

Neuritis and sciatica
Altered blood pressure
Blood purifier
Diuretic
Analgesic & antiflammitory
Bronchitis
Anemia
Parasites
Antiamoebic
Antibiotic
Antifungal
Antiviral
Antiseptic

Timmermann (1977) and Mabry et al. (1979b)
Argueta (1994) and Sheikh (1997)
Sheikh (1997)
Mabry et al. (1979b) and Tyler and Foster (1999)
Argueta (1994)
Timmermann (1977) and Sheikh et al. (1997)
Argueta (1994)
Mabry et al. (1979b) and Brinker (1993)
Brent (1999) and Segura (1978)
Mabry et al. (1979a) and Argueta (1994)
Mabry et al. (1979a), Barragan et al. (1994) and Brent (1999)
Brent (1999)
Timmermann (1977), Mabry et al. (1979b), Argueta (1994), Kay (1996), and
Lara and Marquez (1996)
Timmermann (1977) and Tyler and Foster (1999)
Argueta (1994)
Argueta (1994)
Mabry et al. (1979b), Brinker (1993), Argueta (1994), Lara and Marquez
(1996), and Tyler and Foster (1999)
Timmermann (1977), Mabry et al. (1979b), and Brent (1999)

Tuberculosis
Ulcer & indigestion
Kidney & gallbladder stones
Arthritis & rheumatism
Urinary tract infection
& venereal disease

The leaves of Creosote Bush, have been observed to accumulate and adsorb significant
concentrations of lead in both live plants and in re-hydrated leaf tissues (Gardea-Torresdey and
Hernancez et al., 1998; Gardea-Torresdey and Polette et al., 1996). According to Navarro (1981),
the protein content of the leaves is 18-30% (Arteaga et al., 2005). Like human proteins, the
sulfhydryl groups of plant proteins are vulnerable to lead interactions (Nagajyoti et al., 2010).
The stomata of Creosote leaves contain an aperture of 10µm, which may serve as an entry for
aerosolized particulates of a lesser or equal size (Polette, 2000). This atmospheric adsorption
coupled by shared susceptibility of (Pb) interaction with protein structural groups, as observed in
humans, justifies its use as a bioindicator for air quality of pre-and post-demolition
concentrations. Which may pose risk at sub-regulatory levels with consideration of (Pb)
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inducement of oxidative stress in both plants and humans. Furthermore, the spatial-temporal
assessment of Creosote (Pb) concentrations should aid in the assessment of the breadth of
potential recontamination by the demolition plume, or other environmental aspects of
redistribution; water or wind.
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Chapter 3: Methods
The interdisciplinary nature of this investigation required various methodologies to be
employed to achieve the goals of this study. The concise workflow map in Figure 5 outlines the
methods described in the text below.

Figure 5: Workflow map of methodologies employed.
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3. 1 Sample Design and Collection
The primary rationale for this sampling design was to capture expected spatial patterns
associated with the null hypothesis that all concentrations decrease away from point source
equilaterally in the absences of environmental phenomena to govern any processes of
redistribution. Samples were collected at every quarter mile (402 meters) away from the
ASARCO demolition site along the eight cardinal directions (N, NE, E, SE, SW, W, NW) on the
United States side of the border when surroundings or navigation permitted (Figure 6).

Figure 6: Aerial map of the two-mile radius encompassing the ASARCO site (center) which lies
in the tri-state junction of New Mexico, Texas, and Chihuahua on the border of the United States
and Mexico border tristate area.
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In the Geographic Information System (GIS) ESRI ArcMap 10.3.1, a multi-ring buffer
shape file was generated around the ASARCO to navigate distance at every quarter mile (402
meters) away from the site within a two-mile (3,218 meter) radius (Figure 6). The buffer file was
loaded into a TopCon GMS-2 GPS handheld navigation unit that recorded GPS points associated
with each collection site. Digital and handheld compasses were used to obtain azimuth with
regard to point source location (Figure 7). At every increment of distance, by respective
direction, away from ASARCO two different Creosote Bushes were sampled at random, and soil
was collected at the base of the plant. Samples were bagged and sealed. Coded labels were used
to distinguish samples by distance and direction (i.e. 1N_1. 25mile, 2N_1. 25 etc.). The sampling
design was complicated by several mitigating items. The first was accessibility. The intention
was to sample close to previously sampled areas of public accessibility and new points within
proximity to those sampled areas. The scope of previously sampled and remediated locations offsite was limited to residential and urban areas of high traffic, the listing of residential properties
was not publically accessible for recurrent sampling, and high traffic areas were perceived to
introduce observational bias.
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Figure 7: A map of the sampling locations in 2015, color coded by direction and showing
distance buffers from point source every quarter-mile. Locations were selected in areas of least
development.
Areas of development and high traffic were avoided as much as possible to prevent
observational bias from other potential anthropogenic sources of lead, such as exhaust from
vehicles. Vegetation in proximity to highways has a higher rate of exposure to lead than plants
away from urban areas of high traffic (Sharma & Darbey, 2005). However, fifty percent of
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automotive associated lead emissions from exhaust localize in the soil within a hundred feet of
the road (Sharma & Darbey, 2005). For the purpose of this project, plants were selected at a
minimum of 100ft. (30m) from major roads. Furthermore, Creosote Bush is not typically used as
an ornamental or aesthetic plant in urban landscaping, which was another factor that limited the
sampling methodology to natural spaces.
Collection Methods
Soil samples were collected at depths between 3 to 6 inches using a stainless-steel trowel
and a multipurpose tool containing measurements in inches, which was inserted into the ground
and served as the intended stop point for the trowel entering the plane of surficial soil at an angle
perpendicular to the vertical axis of the multipurpose tool. The soil samples were collected at the
base of each plant. Plant tissues were collected from the upper and lower canopy of each
Creosote Bush.
External Data Sources
A Digital Elevation Model (DEM), Color Near Infrared (CNIR) and Orthorectified aerial
imagery were acquired from United States Geological Survey (USGS) Earth Explorer online
archive for mapping and photogrammetry. Mapping and spatial analysis were achieved using
ArcMap 10.3.1. A Compound Topographic Index (CTI), which is considered a wetness index for
soil, was generated from the DEM ArcMap 10.3.1 to assess locations of intense water runoff,
water accumulation, and flood risk (Moore et al. 1991; Gessler, 2000). The formula used for the
CTI in ArcMap provided by The Minnesota Department of Agriculture (2010) is as follows;

CTI = LN(([Flow_Accum_DEM] + 0.001) / (([Slope_DEM]) / 100]))
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To gain a general perspective of the accessibility of the terrain and distribution of
Creosote Bush, the CNIR Mosaics and Orthorectified aerial imagery were loaded into ArcMap
10.3.1. The CNIR images were also loaded into ENVI Classic image processing software.
Normal Difference Vegetative Index (NDVI) which is used to measure “green-up”, or
photosynthesis, in plants over aerial landscapes was used as a proxy for Creosote Bush since it is
has an expected occupation of up to 40 percent of desert terrain (EXCELIS, 2013). The NDVI
formula used in ENVI is as follows;

NDVI = Ig(2G_RGB) = 2xG(DN) – (Red_DN + Blue_DN)

The statistical software IBM-SPSS was used for additional statistical and graphical
functions. A choropleth precipitation map for the historical flood over the El Paso Metropolitan
Area (EMPA) was provided by the National Weather Service (NWS) (Figure 4) (Rogash et al.,
2009). Windrose data from NWS of long-term trends from 1973-2014 were derived from the El
Paso International Airport weather station. Windrose data for the day and week of the demolition
event were acquired from the Texas Commission on Environmental Quality (TCEQ) weather
station located 1.25 miles (2,011 meters) from ASARCO on the UTEP campus. Environmental
Lakes (WRPLOT) windrose graphical software was used to plot the TCEQ wind data. The
Malcom Pirnie report summarizing the particulate matter results of the 16-point 24-hour air
quality monitoring system on the day of the demolition were used to assess debris redistribution
during the event (Figure 3; Table 1; Project Navigator Ltd., 2016).
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Additional temporal evidence of previous soil (Pb) concentrations for the years 1993 and
2001 were extracted through previous studies related to ASARCO and local studies on lead
concentrations. The soil (Pb) data from Brenda Barnes’s Master’s Thesis (1993), was retrieved
from the Master’s thesis by Lori Polette (1997). The 2001 data was extrapolated from a report by
Weston Solutions Inc. in preparation for the U.S. Environmental Protection Agency (Beck,
2002). Data collection was restricted to the United States side of the border. However, the
Comision de Cooperacion de Ecologica Fronteriza (Border Environment Cooperation
Commission) produced a report on the heavy metals concentrations from soil samples taken in
2009 within a three-mile (4,828 meter) radius of ASARCO on the Mexico side of the border
(Hernandez, 2011). Additional pre-demolition observations of heavy metals in Ciudad Juarez,
Mexico are available in a Doctoral Dissertation by Grimida (2013).
3. 2 Sample Analysis
Samples were oven-dried at 75 °C (167 °F) for a minimum of 48 hours. The soil samples
were sifted in a No. 20 U. S. A. Standard Testing Sieve. The Creosote leaves were ground in a
mortar. Any duplicate samples collected for each respective location were combined 1:1 ratio.
Triplicates were made for the analysis of each location with respect to each sample matrix type
(i. e. Soil and Creosote leaf). Tubes were labeled in numerical order of triplicate group for
analysis, and by distance and direction (i. e. T1_NW0.50mile). Soil and plant samples were
weighed out between 0.2 - 0.202g in preparation for matrix digestion and ICP-OES analysis. Soil
slurries were digested with a solution of concentrated trace pure HNO3 and HCl (1:3; i. e. aqua
regia) while plant tissue only used HNO3. Digestion was accelerated by placing the aliquots in a
hot block digester (SCP Science, Champlain NY). After 45 min of digestion at 115°C, 2 mL of
30% H2O2 was added to each sample for an additional 25 min of digestion. When digestion was
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completed, deionized water (18 mega-ohms) was added to the 50mL line of the tube. The
digested samples were analyzed for lead (Pb) content by Inductively Coupled Plasma Optical
Emission Spectroscopy (ICP-OES, OPTIMA 4300DV; Perkin-Elmer). The ICP-OES parameters
used were as follows: nebulizer flow, 0. 80 L·min−1; power, 1,300 W; peristaltic pump rate, 10.
5 mL·min−1; flush time, 15 s; delay time, 20 s; read time, 10 s; and wash time, 55 s. Quality
assurance of the ICP-OES instrument analysis was maintained by testing a spiked sample
containing 5 mg·L-1 of (Pb) for each consecutive set of 20 samples analyzed. To validate the
digestion procedures implemented, standard reference materials from the National Institute of
Standards and Technology 1570a and 2709a were used to validate the digestion, obtaining
recoveries above 90%.
3.3 Spatial Analysis
3.3.1 Temporal Analysis of (Pb) Distribution
The data from previous studies in Barnes (1993) and Beck (2001) of lead concentrations
near the ASARCO smelter were mapped (Figure 8) (Polette et al. 1997; Beck 2002). Only a
subset of the data from 2001 was used for this particular region of interest (ROI) (Figure 8)
(Beck, 2002). This was intended to provide a temporal comparison between pre-demolition and
post-demolition sampled concentrations around the area adjacent to the zone of impact (Figure 3;
Figure 8). These were cross referenced against air quality data from the day of the demolition
(Table 1). The full set of data points from 2001 that matched the same general areas of samples
collected in 2015 were also mapped (Figure 9).
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Figure 8: The subset of concentrations of lead (ppm) from samples collected in previous years
adjacent, and most proximal to, the zone of impact 0.50-0.75 miles east (Red dashed line).
The temporal comparison of previous data and current data collected in locations of
similar proximity should aid in the assessment of whether a recontamination event took place. It
should also aid in determining if the distribution of contaminants is consistent with wind or water
patterns over time in areas where known wind trajectories predominate or water accumulation, or
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erosional runoff, is significant. The data associated with Figure 8 and Figure 9 were plotted in a
dot plots to observe variation, and their respective distributions were compared via box plot.

Figure 9: Full set of matching points between 2001 (orange) and 2015 (red).
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3.3.2 Distance Analysis and Spatial Distribution of (Pb) Concentrations
The 2001 matched points and the 2015 datasets were plotted in dot plots to observe
variation among concentrations by distance from point source. A graph of the mean lead
concentrations for each distance interval sampled away from point source was created for the
2001 and 2015 datasets to observe any potential trend associated with mean lead concentrations
and distance from point source.
3.3.3 Azimuthal Analysis and Spatial Distribution of (Pb) Concentrations
The long-term trends in wind azimuth (direction) annual and for the month of April were
compared against the spatial distribution of lead concentrations. If wind had a dominant role in
the dispersion of lead contaminants, then the soil and aerial appendages of the plants should
reflect significant lead concentrations, and rate of Pb absorption, consistent with long-term trends
in wind trajectory. Spatial trend analysis, a standard function in GIS, was conducted on the (Pb)
concentrations for 2001; and 2015 (soil and Creosote). The application fits two polynomials to
the data set with regard to north-south and east-west. This was intended to discern any visible
trend of high concentration towards a general direction where it would be less confined by a
disproportionate number of sampled locations among more specified directions due to different
sampling designs between 2001 and 2015. This was the best azimuthal assessment that could be
achieved with the 2001 data because the sampling design in that study did not have a sufficient
number of samples collected among the representative cardinal directions.
Windrose data was obtained for the day of the demolition and the week after and cross
referenced visually against the distribution of the 2015 (Pb) concentrations collected. The
concentrations for the 2015 dataset were plotted by azimuth (direction) in a dot plot to assess
variation. The mean concentrations were graphed for each cardinal direction across sample
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matrices. This was not done for the 2001 dataset because the sampling design did not have
enough representative points for each cardinal direction. In IBM-SPSS statistical software, a dot
plot was generated for each of the 2015 matrices soil, Creosote, and Pb absorption rate
(Biological Absorption Coefficient “BAC”) of Creosote, to assess the variation in concentration
with regard to cardinality. In Fergusson (1990), the Biological Absorption Coefficient as a rate
of metals accumulated by a plant can be described as follows (Nagajyoti et al., 2010);

BAC = [Plant Metal Concentration] / [Soil Metal Concentration]

The mean (Pb)-concentration for each respective cardinal direction was graphed to refine
any observed patterns in directionality (NW, N, NE, E, SE, S, W) among the 2015 datasets. This
was repeated again for soil and Creosote after removing outliers to observe if the outliers might
be distorting an underlying azimuthal trend associated with environmental agents of
redistribution. Consequently, if long-term trends in wind were the cause of the (Pb)
concentration distribution observed in Creosote leaves, the highest concentrations would match
the trend in wind trajectories. Interpolated maps (Nearest Neighbor Algorithm) of all the data
points derived from the 2015 dataset of lead concentrations were generated to compare the
patterns of distribution in lead concentrations across matrix, and BAC. The interpolation was
verified by how well the map fit the concentration observed at each data point.
3.3.4 Hydrology and Spatial Distribution of (Pb) Concentrations
Any samples collected after the 2006 flood would be expected to yield either the same, or
reduced, (Pb) concentrations in comparison to data collected prior to the demolition. The CTI
map (Figure 10) is consistent with the NWS precipitation map (Figure 4) substantiating the
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premise that ASARCO lies in a flood plain and concentrations should be expected to remain the
same or decrease over time with flash flooding.

Figure 10: Compound Topographic Index (CTI) indicating areas of water accumulation. CTI ≤ 0
indicate high relief or run-off (violet). CTI 1 ≤ 5 (light blue) average range. CTI ≥ 5 (teal)
indicate higher flood risk.
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Water accumulation or run-off, if severe enough, may be associated with the distribution of
current (Pb) concentrations observed in 2015. The CTI values were extrapolated for each GPS
location among all the points available for the 2001 and 2015 datasets across matrices and cross
referenced to the respective (Pb) concentrations in dot plots. The biological absorption
coefficient (BAC) of lead in Creosote tissue samples was used to assess a potential relationship
between soil concentrations, hydrology, and the plant’s accumulation of (Pb). If absorption
(BAC) is higher in areas of water accumulation (CTI), then this indicates that lead absorption
could be taking place to a greater degree at the soil to root interface and not by aerial deposition.
3.4 Statistical Analysis
Outlier analysis was conducted on the 2015 soil (Pb) dataset using Local Moran’s Index
(LMi) in ArcMap 10.1.3 to assess if any values exceeded the expected normal distribution of
lead concentrations found within the two-mile radius of interest.
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Chapter 4: Results

4.1 Temporal
A dot plot of the entire 2015 soil (Pb) dataset indicates that 84 percent of the variation
among sampled locations was ≤ 1,000 ppm, and 54 percent of those points were ≤ 400ppm
(Figure 11). There were two locations that were suspiciously high compared to all other
observations. The (Pb) concentration at those locations ranged between 4,000 to 8,000ppm.

Figure 11: A dot plot indicating the variation among sampled locations for soil (Pb)
concentrations observed in the 2015 dataset indicated most observations were ≤ 1,000 ppm
(Industrial Threshold), but 46 percent were greater than 400ppm (Residential Threshold).
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Outlier analysis for the entire 2015 sample set indicated that among the 2015 data the two
anomalously high concentrations that were measured in samples located 0.50 - 0.75 miles east of
the demolition zone of impact were determined to be outliers (Figure 2; Figure 8; Table 4). The
two points assigned as outliers with concentrations of 4,385 ppm and 7,283 ppm are in close
proximity to each other, and were assigned the CoType HH. This is assigned to values that are
significantly high and surrounded by other high values (Table 4; Figure 8). The values fall many
standard deviations outside the mean, between 15 and 23 respectively (Table 4). The p-values
associated with these findings are of a confidence level greater than 99 percent (Table 4).
Table 4: Results from outlier analysis using Local Moran’s Index (LMi) show anomalous values
from the 2015 dataset. The Z-score indicates the number of standard deviations from the mean.
P-value indicates the confidence level, using a 0.05 default 95% confidence level. CoType H-H
indicates high values occurring near other high values. The CTI added to this table is and index
for soil wetness. The 4,385ppm has a CTI of -1 indicating high run-off potential (steep slope).
Location

Soil (Pb)
(ppm)

COType

P-Value

Z-Score

LMi-Index

East
Mountain

CTI
4

7, 283

HH (high)

0

23

.67

4,385

HH (high)

0

15

.25

0.500.75mile
East
Mountain
0.500.75mile

moderate
water
accumulation

-1
High run-off

These concentrations were compared to prior soil (Pb) data collected in the same area in 1993
and 2001. The 1993-2015 dot plot (Figure 12) shows that the expected concentration among this
subset of points transcends time remaining mostly ≤ 1,000ppm with exception of one anomalous
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point in 1993 at 5,000ppm and in 2015 at 4,385ppm and 7,283ppm (Figure 12). The points of
higher concentration in 1993 versus 2015 differ from each other by azimuth (southeast versus
east) and distance (greater than > 1 mile versus less than < 0.75 mile) from the zone of impact,
respectively (Figure 8; Figure 12).

Figure 12: Dot plot of samples collected closest to the demolition zone of impact for the years
1993, 2001, and 2015. Most observations were ≤ 1,000 ppm. Units in (ppm).
A box plot of the 1993-2015 subset indicates the median soil (Pb) concentration in 1993
for that region of interest (ROI) was 500ppm. In 2001 the median soil (Pb) concentration was <
500ppm for that region (Figure 13). This is a decrease from earlier recorded values. However, in
2015 the median soil (Pb) concentration was 1,500ppm. The 3rd quartile, or 75th quantile, of the
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data distribution for soil (Pb) concentrations for both 1993 was ≤ 1,000ppm and in 2001 <
500ppm (Figure 13). This is a decrease from 1993 around which time smelter production had
seized operation. The 75th quantile for the 2015 concentrations were < 2,500ppm (Figure 13).
This is an increase in 2015, however, it may be due to the different number of samples among
the 2015 data with five points, compared to similar locations in 1993 with six samples, and four
samples in 2001 (Figure 8). In addition, the limited number of samples six, or less, also
complicates the cross comparison of expected normal distributions by year.

Figure 13: A box plot of the 25th, 50th, and 75th percentiles for soil (Pb) samples for the years
1993, 2001, and 2015 at the area adjacent-east of the demolition zone of impact. Units in (ppm).
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Because the 1993 through 2015 figures represent a very localized subset of the data east and
southeast of the zone of impact, the full set of “matching points” between the 2001 and 2015
sampled locations were further scrutinized for temporal differences (Figure 9). The dot plot
comparing 2001 and 2015 is representative of the full set of matched sampling points between
2001 and 2015 (Figure 14). This broader extent of sampled locations showed between 2001 and
2015 ninety-one percent of soil (Pb) concentrations < 1,000ppm (Figure 14; Figure 9). More than
75 percent of those locations in 2001 are less than 400 ppm, compared to 50 percent in 2015
(Figure 14). However, much of the 2001 samples were collected further away from the smelter.

Figure 14: Dot plot of the full set of points matched between 2001 and 2015 within a two-mile
radius indicating much of the concentrations < 1,000ppm (Modified from, Beck 2003).
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The box plot for the 2001 and 2015 matched points show that the median concentration was
250ppm in 2001 compared to 400ppm in 2015 (Figure 14). The median is almost double in 2015.
At the 75th percentile, concentration fell within the range of 750ppm and maximum
concentrations less than < 1,000ppm in both datasets (Figure 15). The concentrations do increase
from 2001 to 2015 at some locations but not by much, with exception of the outliers in 2015
(Figure 14; Figure 8; Figure 9, Table 4). It should be noted, the sample size of only 12
corresponding locations between years complicated comparison of expected normal distributions
by year.

Figure 15: A box plot of the full set of matched soil (Pb) samples for the years 2001 and 2015.
The 25th, 50th, and 75th percentiles are lower in 2001 compared to 2015. Units in parts per million
(ppm).
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4.2 Distance
A dot plot of all the 2001 sampled points indicates the lead concentration for each
respective distance (Figure 16). There is one point at 1.75 miles to the southeast of ASARCO in
the range of 3,500ppm. The majority of sampling appears to have been taken at around two miles
from point source, and are < 250ppm (Figure 16). The number of samples at the 0.75 miles and
1.75 miles from the point source are limited to two and three observations, respectively. The rest
of the distances have a minimum of 5 observations (Figure 16).

Figure 16: A dot plot of lead concentrations (ppm) in 2001 sampled locations by distance within
the two-mile range of ASARCO.
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The closest location sampled among the 2001 data is 0.75 miles from ASARCO with a soil (Pb)
concentration of 560ppm. The mean lead concentration in 2001 was highest at 1.25 miles from
the ASARCO at 950ppm (Figure 17). This could be a result of the disparity in number of
observations between these two distance markers due to sampling design and location matching
among current and prior data. Beyond 1.25 miles the soil (Pb) declined with increased distance.
The mean concentration at the 2-mile marker was 50ppm (Figure 17).

Figure 17: Graph of mean soil (Pb) concentrations (ppm) by distance for the 2001 matched data
points.
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On ASARCO property 0.25 mile from the zone of impact, where remedial activity has continued
after the demolition, the concentration was recorded by a single sampling to be at 989ppm
(Figure 18). At 0.50 mile from the zone of impact the concentrations are highest at 4,354ppm
and 7,283ppm (Figure 18, Figure 8). The concentrations consistently decline with distance after
this area. There are a few distances that contain fewer observations than the rest of the data,
which include 0.25, 0.50, and 1.50 mile markers. The 0.25 miles is a single observation whereas
the 0.50 and 1.25 mile markers have only 4 observations. All other sampled mile markers have a
minimum of five observations (Figure 18).

Figure 18: Dot plot indicating the variation in observations among distance intervals for the
complete 2015 dataset of soil (Pb) concentrations (ppm).
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The mean soil lead concentration at

0.50 and 0.75 miles were 5,750ppm and 995ppm,

respectively (Figure 19). At 1.0 miles the mean soil (Pb) concentration increased to 1,000ppm
then declined at 1.25 miles to 600ppm. Mean soil (Pb) concentrations continue to decline with
distance with exception of another spike in the mean at 1.5 miles where the concentration
increased from 600ppm at 1.25 miles to 1,100ppm at 1.5 miles (Figure 19). This could be a result
of the disparity in number of observations between these two distances. The mean concentration
at 1.75 and 2.0 miles was 250ppm, or contaminant trapping as a result of topography.

Figure 19: Graph of mean soil (Pb) concentrations (ppm) among each distance interval for the
complete 2015 dataset.
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In Figure 20, there are a few distance markers that have fewer observations than the rest of the
data for Creosote (Pb), which include 0.25, 0.50, and 1.50 mile markers. The 0.25 distance
marker is comprised of a single observation whereas the 0.50 and 1.25 mile markers have only
four observations. All other sampled mile markers have a minimum of five observations. At 0.50
miles from the source where the soil concentrations are highest, half of the observations of
Creosote (Pb) are 49ppm, and the other half are 191ppm. The Creosote (Pb) concentrations
consistently decrease with distance from point source (Figure 20).

Figure 20: Dot plot indicating the variation among concentrations (ppm) by distance interval
among the entire Creosote (Pb) 2015 dataset.

In Figure 21, the mean Creosote (Pb) concentrations were graphed by distance interval.
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The peak mean Creosote (Pb) concentration was 120ppm at a distance of 0.50 miles from
ASARCO. Bioaccumulation of lead in Creosote tissues consistently declined with distance
(Figure 20). Mean concentration does rise between the 1.25 and the 1.50 mile markers from
16ppm to 19ppm, respectively (Figure 21). This increase between 1.25 and 1.50 mile markers is
the same in the 2015 soil (Pb), as well (Figure 19). This could be a result of the disparity in
number of observations between these two distances. The mean concentration declined between
1.75 and 2 miles from 14ppm to 10ppm, respectively (Figure 21).

Figure 21: Graph of the mean Creosote (Pb) concentration (ppm) among distance intervals for
the complete Creosote (Pb) 2015 dataset.
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4.3 Azimuth
4.3.1 Generalized Azimuthal Assessment
Wind Azimuth (Long-term Trends)
Long-term trends in wind azimuth (direction) from 1973-2014 for the month of April
show that wind originates predominately from the northwest and west, and to a lesser degree
from the north and southeast (Figure 22).

Figure 22: NWS Long-term trends (1973-2014) in wind direction for the month of April. Wind
predominate from the west, northwest, and southeast. (Modified from, NWS 2014).

Annual trends in wind azimuth from 1973 to 2014 for the EMPA indicate that wind
predominately originate from the west, north, and southeast (Figure 23). When wind originates
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from the north and west converging on each other simultaneously, it has a resultant effect as
though it originated from the northwest.

Figure 23: NWS Long-term annual trends (1973-2014) in wind direction for El Paso, Tx. Wind
predominates from the west, southeast, and north (Modified from, NWS 2014).

There appeared to be an overall greater presence of northwest, west, north, and southeast
wind trajectories, on both an annual and seasonal basis for the month of April (Figure 22, Figure
23). Figure 24 trend analysis results showing the fitted polynomial to the complete 2001 dataset
indicated a north to south (blue) directional increase in soil (Pb) concentrations towards the
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south. The fitted polynomial for the 2001 data showing any trend from west to east (teal)
indicated elevated concentrations towards the east (Figure 24).

Figure 24: Trend analysis of 2001 soil (Pb) dataset showing trends in concentration (ppm) from
north to south (blue) and east to west (teal). The dots that match the color of the line indicate
how close the polynomial fits the data. The height of the black bars represents the
concentrations of actual data points.
In Figure 25, the same north to south increase is observed again for the 2015 soil (Pb)
concentrations (blue) (Figure 24). The east to west trend observed in the 2001 data also appeared
to exist in the 2015 soil (Pb) dataset (Figure 25).
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Figure 25: Trend analysis of 2015 soil (Pb) dataset showing trends in concentration (ppm) from
north to south (blue) and east to west (teal). The dots that match the color of the line indicate
how close the polynomial fits the data. The height of the black bars represents the concentrations
of actual data points.

In Figure 26, the Creosote (Pb) concentration followed the same north to south increase
in concentration as seen among the 2001 and 2015 soil (Pb) results (Figure 24; Figure 25). The
east to west trend observed in the 2001 data appeared to exist in the 2015 Creosote (Pb) dataset
as well (Figure 24; Figure 25; Figure 26). Among the 2001 and 2015 trend analysis results, a
cubic function appeared to best fit both data sets. In the trend analysis for the 2015 matrices they
were observed with and without outliers in the dataset. Regardless of the outliers, the results
were visibly the same. These figures for 2015 are with the outliers removed as they were
intended to explore any underlying azimuthal trend that would deviate from the hypothesis that
concentrations decline at the same rate in all directions from point source. It should be noted that
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in both the 2001 and 2015 datasets there were less observations taken from the west and
southwest.

Figure 26: Trend analysis of 2015 Creosote (Pb) dataset showing trends in concentration (ppm)
from north to south (blue) and east to west (teal). The dots that match the color of the line
indicate how close the polynomial fits the data. The height of the black bars represent the
concentrations of actual data points.

4.3.2 Definitive Azimuthal Analysis
Wind Azimuth 13 Apr. 2013 (Demolition Day)
The day of the demolition 13 Apr. 2013, the wind originated from the north, northwest,
and west (Figure 27). The resultant wind direction from this was a northwest trajectory (red line)
(Figure 27). The wind speed in green and blue was ≤ 11 knots (12mph, 5.6 m
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).

Figure 27: TCEQ windrose data of the day of the demolition 13 Apr. 2013 indicates the wind
predominated from the west, northwest, and north.
Windrose data for the week following the demolition showed that wind dominated from the
north at wind speed ≤ 11 knots (12mph, 5.6 m
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) (Figure 28).

Figure 28: TCEQ windrose data of the week after the demolition of 13 Apr. 2013 indicated the
wind predominated from the North (modified from TCEQ, 2013).

Soil (Pb) Concentration Azimuthal Variation and Means
Figure 29 shows the minimum number of observations by azimuth (direction) is 9. The
majority number of observations by azimuth are highest in the northeast, northwest, and
southeast transects. Eighty-four percent of the 2015 lead concentrations were less than the EPA’s
Industrial Site Threshold of 1,000ppm. Forty-six percent were above the Residential Threshold
of 400 ppm. Five out of 10 observations in the east transect remain below the EPA’s Residential
Threshold of 400ppm with exception of the points located between the 0.50 and 0.75 mile
markers (Figure 8, Figure 29). All the observations for the north transect remain < 400ppm.
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Along the northeast transect 9 out of 12 observations are < 400ppm (Figure 29). Along the
northwest transect eight out of 12 observations exceed the EPA Residential Threshold and are
between 400ppm and 1,000ppm. Along the southeast transect 11 out of 13 observations exceed
EPA Residential and Industrial Thresholds and are between 400ppm and 2,500ppm (Figure 29).

Figure 29: Dot plot of the variation among observations by azimuth (direction) in the 2015 soil
(Pb) dataset. Units in parts per million (ppm).
The predictive (interpolated) map of the distribution of soil (Pb) concentrations projected that
soil (Pb) decreased with distance from point source located at the center of the map (Figure 30).
It also indicated that soil (Pb) was lowest towards the north at concentrations < 200ppm, and is
highest between the northwest and southeast transects with concentrations expected to be
between 500ppm and 8,000ppm (Figure 30).
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Figure 30: Predictive map of lead concentration interpolated from observations from the 2015
soil (Pb) dataset.
The mean soil (Pb) concentration for the 2015 dataset was graphed by azimuth (Figure
31). Observations from the north transect have the lowest mean soil (Pb) concentration at
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127ppm (Figure 30, Figure 31). The mean soil (Pb) in the northeast transect was ≤ 450ppm, and
to the northwest ≤ 500ppm. The mean soil (Pb) concentration along the southeast was ≤
1,200ppm. The highest mean concentration was observed along the east transect was ≤ 2,450
which contained two observations assigned as outliers (Figure 31).

Figure 31: A graph of the mean soil (Pb) concentration (ppm) by azimuth for the complete 2015
dataset.

The mean concentrations for soil (Pb) were graphed again with the outliers removed (Figure 32).
The mean soil (Pb) in the east declined to ≤ 250ppm. All others remained the same, but it is
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clearer that the highest mean concentrations are consistently observed in the northwest and the
southeast transects (Figure 32)

Figure 32: A graph of the mean soil (Pb) concentration (ppm) by azimuth for the complete 2015
dataset after the outliers were removed.

Creosote (Pb) Concentration Azimuthal Variation and Mean
In Figure 33, the complete dataset for Creosote (Pb) concentrations in 2015 indicates that
most observations with exception of 6 have concentrations less than < 40ppm. In the northeast
transects half of the observations are between 20ppm and 40ppm (Figure 33). Half of the
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observations in the northwest transect are within range of background levels of (Pb) in plants ≤
13 ppm. Along the southeast transect 11 out of 13 data points fall under 20ppm, with the last two
values at 50ppm (Figure 33). Along the north transect all data points are < 13ppm. The east
transect has 6 of 10 observations at ≤ 15ppm (Figure 33). The last four data points in the east
transect are at 49ppm and 190ppm, and are at the location designated as outliers (Figure 33).

Figure 33: A dot plot of Creosote (Pb) concentration (ppm) by azimuth of the entire 2015
dataset.
The predictive map of concentrations of Creosote (Pb) indicated that concentrations do
appear to decrease with distance from point source (at center) (Figure 34). Points located at 1
mile or greater from the point source appear to have concentrations between 5ppm and 20ppm.
Forty-two percent of the data falls within the expected background levels of 13ppm. Eighty-one
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percent of the data is ≤ 20ppm. Creosote (Pb) concentrations appeared highest to the northwest
and southeast between 20ppm and 50ppm (Figure 34). Half a mile to 0.75 miles east of the
demolition zone of impact, the highest concentrations are up to 191ppm. In Figure 35, the mean
concentration of the complete dataset of Creosote (Pb) concentrations in 2015 was graphed by
azimuth. The lowest mean concentration is observed along the north transect at 7ppm. The east
has the highest mean concentration at 56ppm (Figure 35). The southeast has the second highest
mean concentration at 21ppm. Along the northeast transect the mean Creosote (Pb) is 16ppm and
along the northwest transect, 15ppm.
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Figure 34: A predictive map of interpolated points among the 2015 Creosote (Pb) dataset.
Creosote (Pb) concentrations are color coded in (ppm).
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In figure 36, the mean Creosote (Pb) was graphed by azimuth after removing the outliers in the
east transect. All concentrations remained in the same range, but the mean concentration in along
the east transect declined to 14ppm, becoming the second lowest mean concentration of among
the azimuthal means (Figure 36).

Figure 35: A graph of the mean Creosote (Pb) concentration by azimuth for the complete 2015
dataset. Units are in parts per million (ppm).
However, the highest point in the northeast direction is located on ASARCO property 0.25 miles
from the zone of impact at 37ppm. Because this is the only point on property, it may
disproportionately represent the mean for this set of points by azimuth. If this were removed
from the calculations of the mean, Creosote (Pb) by azimuth would show that the northwest
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direction has the second highest azimuthal mean which is consistent with the trend observed in
the soil (Pb) azimuthal distribution.

Figure 36: A graph of the mean Creosote (Pb) concentrations by azimuth for the 2015 dataset
with outliers removed. Units are in parts per million (ppm).

The Biological Absorption Coefficient (BAC) values for Creosote (Pb) by azimuth were plotted
in a dot plot to observe the variation among absorption rates to soil (Pb) levels (Figure 37). In
2015, sixty-seven percent of all observed BAC ≤ 5 percent absorption of the soil (Pb)
concentration by location. Only 25 percent of all the 2015 Creosote Bush withhold a BAC ≥ 10
percent, and these plants reside almost solely in the northern transects. Interestingly, the higher
rates of absorption are taking place at areas with some of the lowest soil (Pb) concentrations;
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predominately the north transect. Along both the northeast and northwest transects 83% of the
data points have a BAC ≤ 5 percent (Figure 37). Along the southeast transect, 87% of the
observations have a BAC ≤ 2 percent despite having some of the highest soil (Pb) concentrations
among the 2015 samples collected (Figure 37). Eighty percent of the observations along the
eastern transect have a BAC ≤ 5 percent of the soil (Pb) concentrations, this includes the outliers
between 0.5 and 0.75 miles east of the zone of impact with highest soil (Pb) concentrations
observed. The remainder 20 percent of locations in the east with BAC > 10 percent of the soil
(Pb) content, again, have low soil (Pb) concentrations of 79ppm.

Figure 37: A dot plot of all BAC percentages for the complete 2015 dataset by azimuth.
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An absorption rate (BAC) of 10 percent or greater is consistently taking place in locations where
the soil (Pb) concentration are less than the expected level of natural occurrence in soil of
200ppm. The BAC points interpolated into a predictive map indicate that most of the Creosote
Bushes within a 2-mile radius are absorbing less than < 5 percent of the soil (Pb) (Figure 38).
Again, the map indicates that the highest rate of absorption is not taking place where soil
concentrations are highest (Figure 30, Figure 39).

Figure 38: A predictive map of the distribution of BAC percentages for the complete 2015
dataset.
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In Figure 39, the mean BAC are graphed by azimuth and results indicated that the highest rate of
absorption is along the north transect at an average of about 12 percent. The second highest mean
BAC is along the northeast transect at around 6 percent, and 4 percent to the northwest (Figure
39). The southeast transect has the lowest BAC at roughly 2 percent of the soil (Pb)
concentrations.

Figure 39: A graph of the mean BAC by azimuth from the complete 2015 dataset.
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4.4 Hydrology
Water Accumulation/Runoff (CTI) and Creosote Absorption (BAC)
In Figure 40, the average expected range of water saturation among the Compound
Topographic Index in the area surrounding the old smelter is between 0 and 5. Sixty-seven
percent of the Creosote had a (BAC) of up to five percent, this range appeared to be the baseline
rate of (Pb) absorption (BAC) by Creosote. Fifty-three percent of the plants that exceeded the
baseline absorption of 5 percent are associated with a higher flood risk potential (CTI) between 6
and 10 (Figure-40). Half of the Creosote with a rate of absorption > 10 percent are associated
with CTI between 6 and 11. However, approximately 21 percent of BAC greater than > 10
percent contradict these findings and are associated with CTI less than < 0 (Figure-40).

Figure 40: A dot plot of the variation between BAC of Creosote and associated CTI among the
2015 samples collected. The CTI ≤ 0 is high run-off, CTI ≤ 5 is expected average water
accumulation, CTI > 6 is flood risk.
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In Figure 41, the graph of the mean rate of Creosote Pb absorption (BAC) associated with the
soil wetness index (CTI) showed that there appeared to be an almost bimodal distribution where
absorption is taking place to a greater degree in areas where water accumulation would be lowest
and highest, but to a lesser degree of absorption in the average range of water accumulation
between 0 and 5.

Figure 41: Graph of the mean BAC associated with CTI. The CTI ≤ 0 is high run-off, CTI ≤ 5 is
expected average water accumulation, CTI > 6 is flood risk.

73

Water Accumulation/Runoff (CTI) and Soil (Pb)
Soil (Pb) ≤ 1,000ppm is consistently associated with a full range of CTI between 0 and
11 (Figure-41). Five out of 9 observations with soil (Pb) > 1,000ppm have a CTI between 0 and
5 (Figure 41). There are 2 out of 4 data points with soil (Pb) > 4,000ppm that have a CTI of 4.
The other 2 of 4 data points with soil (Pb) > 4,000ppm have a CTI of -1 and 3 (Figure 41)

Figure 42: A dot plot of the variation between soil (Pb) and CTI. The CTI < 0 is high run-off,
CTI between 0 and 5 is the expected average water accumulation, and CTI > 6 is flood risk.
Figure 43 indicates that the mean soil (Pb) concentration appeared to be more persistent in the
average range of soil wetness index (CTI) between 0 and 5. These areas don’t receive the same
volume of water by rain events, and are not on a steep enough incline for significant erosion by
hydrology.
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Figure 43: A graph of mean soil (Pb) associated with CTI. The CTI < 0 is high run-off, CTI
between 0 and 5 is the expected average water accumulation, and CTI > 6 is flood risk.

Water Accumulation/Runoff (CTI) and Creosote (Pb)
Creosote (Pb) of ≤ 25ppm is consistent across all CTI values (Figure-42). At lead
concentrations of 50ppm the CTI values were -1, 2, 3, and 5 (Figure 42). Two out of 6
observations had a Creosote (Pb) > 150ppm, and an associated CTI of 4 (Figure 42).
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Figure 44: A dot plot of the association between Creosote (Pb) concentrations associated with
CTI. CTI < 0 is high run-off, CTI between 0 and 5 is expected normal water accumulation, and
CTI > 6 is flood risk.
In Figure 45, the highest mean concentration of Creosote (Pb) is among almost the same range of
soil wetness index (CTI) as observed for soil between 0 and 6. The lead content in soil and in
plant tissues appears persistent within a 0 to 5 range of CTI. However, the rate of Pb absorption
taking place in the plant relative to the local soil concentration contradicts this trend (Figure 41).
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Figure 45: A graph the mean Creosote (Pb) concentration associated with CTI. CTI < 0 is high
run-off, CTI between 0 and 5 is expected normal water accumulation, and CTI > 6 is flood risk.
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Chapter 5: Discussion
5.1 Recontamination by the Demolition Event
The ASARCO, and much of the area within close proximity to the former smelter site are
located within a flood plain (Figure 10). The El Paso Metropolitan Area is subject to seasonal
rain events and flash flooding on an annual basis (Figure 4). In 2006, a flood that lasted over a
nine-day period in the month of August exceeded historic records receiving in excess of nine
inches of rain daily over the area (Figure 4). The ASARCO site is located almost at the epicenter
of where the most rain fell during that period (Figure 4; Figure 5). The mountainous terrain and
undulating topography in the area create conditions for contaminant transport due to the
erosional capacity of intense run-off from high relief to lower areas of the flood plain. This
historic flood was assumed to have reduced local lead concentrations within proximity of point
source prior to the demolition of the smelter site in 2013, and served as a new window through
which to base retrospective analysis. Contamination that exceeded the previous recorded
concentrations within the same location proximal to the demolition zone of impact were assumed
to be of a new source. The scope of all available (Pb) concentrations recorded in 2001 that match
the same general area sampled in 2015 were compared (Figure 9). For both 2001 and 2015,
almost all soil (Pb) concentrations remained less than < 1,000ppm (Figure 14). However, the
median soil (Pb) concentration is higher in 2015 than found in 2001, and fifty percent of the data
distribution among the 2015 samples are above the median concentration observed in 2001
(Figure 15). Among the 2015 soil samples two locations situated between 0.5 and 0.75 miles east
of the zone of impact contained anomalously high (Pb) concentrations of 4,385ppm and
7,283ppm (Figure 11). The background level of (Pb) expected to occur in the natural
environment is up to 200ppm. These concentrations also exceed the EPA’s Residential and
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Industrial Threshold of 400ppm and 1,000ppm, respectively. This sub-region became the
primary focus of temporal analysis (Figure 8). The ASARCO Smelter terminated industrial
activity around 1995, samples collected in this sub-region from that time frame represent what
the initial lead concentrations were prior to remedial activity (Figure 8). Among the 1993
recorded soil (Pb) concentrations, almost all of the samples collected within 0.50 and 0.75 miles
east of the demolition zone of impact were less than the EPA Industrial Threshold of 1,000ppm
(Figure 8). However, among the 1993 data, the furthest location 1 mile southeast had a soil (Pb)
content of 5,000ppm. This suggests some kind of transport by environmental processes, wind or
water, may have taken place during industrial operation. It is highly probable that the height of
smoke stacks in conjunction with wind trajectories attributed to the spike at a further distance
from point source in the early 1990’s. However, it could also indicate that the sampling design
in 1993 was too close to high traffic areas.
When 1993 soil (Pb) content was compared to lead content recorded in 2001 within the
same general area adjacent to the zone of impact, the concentrations were not only lower in
2001, but the median and expected distribution was lower compared to 1993 (Figure 8; Figure
13). This not only suggests the persistence of the metal in the soil, but that some environmental
phenomenon, wind or water, could have already been mobilizing the contaminants by 2001. The
anomalously high soil (Pb) concentrations in 2015 within the sub-region located between 0.50
and 0.75 miles east of the demolition zone of impact are not consistent with previous recordings
in 1993 nor 2001 (Figure 2; Figure 8).

In 1993 and 2001, almost all recorded soil (Pb)

concentrations are less than < 1,000ppm (Figure 2; Figure 8). This indicates that the source of
these (Pb) concentrations is recent, and anomalous compared to all other observations passed, or
present. The 2015 sampling design took into account observational bias from urban areas and
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sampled a minimum of 100ft. (30m) from major roads. In Figure 8 there are two points with
lower soil (Pb) that lie about the same distance from the Interstate-10, and in the same area as the
locations containing between 4,000-7,000ppm.

This provides some evidence that these

anomalous concentrations are not a result of proximity to the interstate (Figure 8). This is further
substantiated by the outlier analysis conducted on the 2015 dataset containing these values which
assigned them as 15 and 23 standard deviations outside of the normal distribution of what could
be expected at a confidence interval > 99% (Table 4). The value of the CTI where these outliers
are located show that these concentrations exist among values that would indicate either high
run-off (< 0), or moderate water accumulation (1-5), from seasonal rains events given that they
are on a mountain side (Figure 10, Table 4). This dichotomy between the CTI values at an area
where the concentrations are extremely high adds further evidence that the soil (Pb) content east
of the demolition zone of impact is of a recent source.
On the day of the demolition the wind originated from the west, north, and the resultant
wind direction came from the northwest (Figure 27). The speeds were ≤ 11 knots (12mph, 5.6
m

). According to the US EPA in 2001, 75% of the particulate matter in the ASARCO area is

between 2.5 < PM < 10 (Garcia et al., 2004). As a result, the wind erosion threshold for the
surrounding ASARCO is 13 knots (15mph, 7 m

) (Garcia et al., 2004). The wind direction for

that day indicate that any fugitive debris from the demolition was likely blown east to southeast
of the zone of impact, and localized because the wind velocity was not sufficient to transport
aerosolized particulates long distance (Figure 27; Figure 28). It is unknown what the residence
time of

would be with regard to the extent of suspension due to the force of impact, but

the plume of debris from the event lingered for some time as is supported by video recordings.
The air quality results for the day of the demolition of the 16-point air-monitor system, which
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includes the eastern location where the outliers in soil (Pb) where recorded in 2015, determined
that the NAAQ did not exceed the threshold < 0.15 µg/

(Table-1). However, there is a

discrepancy among the run-times for the air-monitors post demolition between those operated in
the United States (4Hrs.) and in Mexico (17Hrs.) (Table-1). The (ASC) air-monitor, 1 of 3, in
Mexico southwest of the zone of impact had exceeded NAAQ at 0.21 µg/

(Table-1, Figure-3).

These findings beg the question, would the air-quality results to the east on the United States side
have had higher PM results if the run-time had been the same as Mexico’s air quality monitors?
This further substantiates that the plume of debris on the day of demolition of the ASARCO
smoke stacks very plausibly created a localized re-contamination event between 0.5 and 0.75
miles on the mountain east of the zone of impact on 13 Apr. 2013.
5.2 Spatial Redistribution by Environmental Agents
Temporal comparison of the mean lead concentrations with regard to distance showed
that (Pb) declined consistently with increased distance up to 2 miles from the ASARCO site in
both the 2001 and 2015 lead concentrations recorded (Figure 17; Figure 19, Figure 21).
However, it did not decline equilaterally with increased distance by azimuth. The set of
corresponding (Pb) concentrations in 2001 matched to locations sampled in 2015 were assessed
in trend analysis (Figure 9; Figure 24). This allowed for comparison of azimuthal patterns in
concentration across time in four directions since differences in sampling design caused a
discrepancy in data representative of the eight cardinal directions among the 2001 sampled
locations. The 2015 (Pb) concentrations for both soil and Creosote were assessed in trend
analysis as well, after removing the assigned outliers (Figure 7; Figure 25; Figure 26). The trend
analysis indicated that concentrations increased from north to south, and also from west to east
for both the 2001 and 2015 (Pb) concentrations recorded (Figure 24; Figure 25; Figure 26) This
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initial assessment was able to lend evidence that some process irrespective of time is governing a
pattern of distribution in (Pb) concentrations. However, this preliminary assessment was not
definitive enough to determine whether this distribution pattern could be associated with wind
direction, or hydrology. The 2015 (Pb) sampling design was intended to ensure that each
azimuthal transect consisted of almost the same number of observations (Figure 7; Figure 29). In
2015 there was little variation among soil (Pb) observations as most fell below the EPA’s
Industrial threshold at concentrations between 38ppm and 1,000ppm. Fifty-two percent of the
soil (Pb) samples were less than the EPA’s Residential Threshold with concentrations between
38ppm and 400ppm. The mean concentration by azimuth for the 2015 soil (Pb) content indicated
that the southeast and northwest transects have the highest mean concentrations at 1,200ppm and
500ppm, respectively (Figure 32). These findings when compared to long-term trends in wind
direction for annual, and the month of April, showed that increased lead concentrations match
the wind trajectories originating from the west, northwest, north, and southeast direction (Figure
22; Figure 23, Figure 32). A predictive map of the interpolated (Pb) concentrations in 2015
exemplifies this pattern of distribution in both the soil and Creosote tissues where increased
concentrations lye to the southeast, northwest, and east transects (Figure 30; Figure 34). The
lowest mean soil (Pb) concentration was observed in the north transect upwind of ASARCO
from which the wind originates and blows towards the south on an annual basis (Figure 23;
Figure 25; Figure 30; Figure 32). With consideration of the fact that (Pb) has an high atomic
weight, the spread of lead contamination within the 2-mile radius that is consistent with the longterm trends in wind direction is likely more attributed to the height of the smoke stacks at 600’
and 900’ tall during the ASARCO’s hundred years of operation. The significantly high
concentrations above the expected background level of 200ppm that, in some cases, exceed the
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EPA’s Residential and Industrial Thresholds of 400ppm and 1,000ppm, respectively, are a
testament to the persistence of the heavy metal contamination across time from observations in
1993, 2001, and 2015 (Figure 8; Figure 9; Figure 12; Figure 14). Post smelter closure, the
environmental agent likely dictating the transport of metal contaminants is water (Figure 5;
Figure 10). The ASARCO, and much of the area within close proximity to the former smelter
site is located within a flood plain (Figure 10). The Compound Topographic Index (CTI) values
assigning water accumulation and potential for flood were extrapolated by location and
compared to the corresponding (Pb) concentrations from 2015 (Figure 43). The role of hydrology
is more complicated in that the majority of data points which have a soil (Pb) content ≤
1,000ppm are associated with all possible values for CTI. This may indicate a persistence in
general. However, the persistence of (Pb) in the soil at concentrations ≥ 1,000ppm around the
area are observed to have a CTI between 0 and 5, this range may neither transport by
hydrological force, nor dilute by volume, the existing concentrations (Figure 43). The CTI ≥ 6
that indicate higher flood risk have lower soil (Pb) content at ≤ 500ppm, and have less variation
among concentrations than the CTI supported by the zero to five range. A single point that defies
all assumptions has a soil (Pb) > 4,000 ppm, and a CTI of -1 indicating intense runoff from a
location of high relief (Figure 8; Figure 43). Although all other data appear to fit the
aforementioned assumptions, this point is one of the outliers located between 0.5 and 0.75 miles
from the zone of impact, and may lend more evidence toward how recent the contamination is
than hydrological association (Figure 8).
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5.3 Creosote Bush Use as an Bioindicator
The background level of (Pb) expected to occur in vegetation in the natural environment
is up to 13ppm. Fort-two percent of the Creosote (Pb) concentrations are no greater than 13ppm
at locations where the minimum and maximum soil (Pb) concentration are between 38ppm and
961ppm, respectively. Eighty-one percent of the Creosote have a (Pb) content of less than, or
equal to, 20ppm. These concentrations are not high given the surrounding soil (Pb)
concentrations in which the plants are located. The trend analysis conducted on the Creosote (Pb)
concentrations showed that concentration generally increased towards the south (Figure 26). A
more definitive examination of azimuth, showed that the mean Creosote (Pb) concentration was
higher in the southeast, northeast and northwest transects at 23ppm, 17ppm, and 15ppm,
respectively (Figure 38). This same trend in the distribution of concentrations is exemplified in
the 2015 predictive map of Creosote (Pb) (Figure 34). All data exploration of the Creosote (Pb)
content consistently showed lower concentrations in the north transect between 0-10ppm (Figure
33; Figure 34; Figure 36). These findings are also consistent with lower soil (Pb) concentrations
in the north transect. However, when winds blow through an area plants are most locally in
contact with the contaminants from the aerosolized surficial soil around them. If the wind is the
source of the trend in concentrations observed in the Creosote, then the biological absorption
coefficient (BAC) of the (Pb) content in Creosote should also be consistently higher along the
same trajectories as the long-term trends in wind as has been observed in the soil (Pb) lead
concentrations.
Among 67 percent of the sampled Creosote, the baseline biological absorption coefficient
(BAC) is not greater than 5 percent of the lead concentration found in the soil at those locations
(Figure 37, Figure 38). The outliers in 2015 located between 0.5 and 0.75 miles east of the zone
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of impact have the highest (Pb) content at 49ppm and 191ppm (Figure-8). These concentrations
only represent between 1-3% of the soil (Pb) concentration in those locations containing
4,354ppm and 7,283ppm, respectively. This contradicts the premise that the rate of accumulation
of (Pb) consistently increases in Creosote where soil (Pb) content is highest, and it rejects the
hypothesis that the biological absorption (BAC) that indicates rate of accumulation would be
expected to be highest where the long-term trends in wind blow as appears to be consistent with
soil (Pb) content (Figure 30; Figure 34; Figure 38). The highest biological absorption coefficients
are observed in the north transect where the concentrations of (Pb) are lowest in the soil (Figure
30; Figure 38). The cross referencing of Creosote (Pb) content to BAC suggests some other
mechanism is mediating the rate of uptake in the plants (Figure 34; Figure 38).
In addition, the leaf morphology of the Creosote Bush determines its susceptibility to
aeolian deposition of air-borne contaminants where accumulation and translocation could be
concentration dependent. Given the small surface area (7-18mm x 4-8.5mm) of Creosote leaves
and the point of entry assumed to be the stoma aperture of 10µm in diameter, the baseline
biological absorption coefficient and range of BAC observed from current soil (Pb) content
would also likely be lower than is observed among the current BAC observations, which would
be further limited by the number of stomata present on the leaves (Illustration 1). Previous
studies on the effects of heavy metals on plants showed that heavy metals cause narrowing of the
stoma in some plants. If this applies to Creosote Bush, this would further complicate adsorption
of aerosolized particulates through the leaves. The increase in Creosote (Pb) concentration itself
in areas of frequent wind trajectory may indicate more about the persistence of (Pb) in the soil
where long-term trends in wind have deposited heavy metals into the soil during the hundred,
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plus, years of the ASARCO smelter operation. The Creosote leaf (Pb) concentrations alone are
not enough evidence to indicate the route of uptake is aeolian in origin (Figure 34; Figure 38).
The Compound Topographic Index (CTI) values were compared to the Creosote (Pb)
concentrations and BAC to assess plausible association between hydrology and the rate of (Pb)
absorption. Eighty-one percent of the Creosote have a (Pb) content between 4ppm and 20ppm,
and this range of concentration is associated with all possible values (CTI) (Figure-44). The
remaining 19 percent of Creosote samples have a (Pb) concentration greater than > 20ppm, and
have a CTI between zero and six. This range is similar to those found with high soil (Pb) content
and (CTI) between zero and five. Again, this similarity in concentrations and CTI ranges may
only lend more evidence to the persistence of (Pb) which results in observable increases of (Pb)
concentrations across matrices, but does not suggest route of uptake (Figure 41; Figure 43).
These findings support the notion that the relationship between bioaccumulation and heavy
metals is taking place at the soil to root interface. On average, the Creosote (Pb) concentrations
are consistently higher between CTI of zero and five (Figure 45). Only one point with leaf (Pb)
concentration > 20ppm had a CTI value of (-1), indicating its location on high slope where runoff would be intense (Figure-44). A possible explanation of this observation is that it could be
attributed to how recent the source of contamination was, or how adaptive the plant’s root system
is at compensating for high run-off in areas of high relief.
Where water is less absorbed in locations of high relief (Pb) concentrations may be
lower assuming that the plant root system does not compensate for high run-off by growing more
extensive root networks at shallower depths. In flood plains, it is assumed that the concentration
of heavy metals is heavily diluted by the volume of water those areas receive, and one could
expect to observe lesser concentrations in the plant. The rate of uptake may be mediated by a
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specific range of CTI. Although CTI appears to have some relationship, it is not well understood
to what degree given the limited number of observations between CTI and Creosote (Pb).
However, the direct use of Creosote (Pb) concentration as a means of corroborating route of
uptake with abiotic factors albeit wind or water may be deceptive in its use because of the lack of
knowledge on the plant’s biological response to (Pb) toxicity. When the mean BAC was graphed
by CTI, this resulted in an almost bimodal representation (Figure 45). It indicated that the rate of
absorption was highest on the extreme ends of the CTI spectrum where runoff, and, or flood risk
are greater (Figure 44). Studying the difference in (Pb) concentrations among Creosote in flood
plains versus high relief, and the route of heavy metals uptake, is perhaps a future endeavor of
another researcher.
Among plantae it is known that the capacity and rate of bioaccumulation of heavy
metals within plants is species specific, and the soil to root interface is primarily observed to be
the source of lead accumulation from contaminated soil. Hyperaccumulators fall into three
categories by adaptive mechanism: accumulators, indicators, and excluders, and in all of the
above listed, the soil to root interface is primarily observed to be the source of lead accumulation
from contaminated soil. Because uptake is most prominent at the soil to root interface, the
concentration of (Pb) in aerial appendages of plants commonly decreases as a function of
distance from the root. This adaptation would make sense from an evolutionary stand point
because protecting the sites of photosynthesis would be most beneficial. In addition, the Creosote
Bush sheds its leaves on a seasonal basis, another adaptation that would preserve the
photosynthetic functionality of the plant’s leaves. In Gardea and Polette et al. (1996) and Polette
(1997), the differences in lead concentration between the Creosote plant tissues were observed
between roots, stems, and leaves.
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Concentrations in the roots were as high as 650 ppm, 110ppm in stems, whereas the
leaf tissues only contained 150 ppm. The soil concentration at that location was 5,000ppm
(Figure 8). This is a biological absorption coefficient of 3% in leaves, 13% in roots, and 2% in
stems. These early findings are consistent with current observations, where comparing soil
concentrations to leaf tissue concentrations does not appear to exceed 190 ppm at extremely high
soil (Pb) concentrations, and the average and maximum percentage of phytoaccumulation
relative to the soil concentrations are 5% and 17%, respectively. This either indicates that the
plant is resistant to higher rates of sequestration which could be a function of annual
precipitation, soil chemistry, physiological adaptation, or there is some other biological
mechanism that is mediating the uptake, storage, and effects on the tissues. Based on the
percentages alone, this could imply that Creosote falls under the hyperaccumulator category
referred to as “Excluder,” where the plant has an adaptation that keeps heavy metal
concentrations at lower levels from what is present in the soil as (Pb) binds to the mucilage on
roots preventing its transportation (Sharma & Dubey, 2005). The effects of lead at various
concentrations on Creosote physiology and morphology have not been studied. In addition,
protein content has been observed to decrease in plants with significant amounts of heavy metal
concentrations. Creosote has a crude protein content of 13% (Marshall, 1995), however protein
concentrations were not analyzed in this study. Nitrogen deficiency is also observed in plants
exposed to (Pb) (Sharma & Dubey, 2005). Furthermore, in many studies related to ethnobotany
Nordihydroguaiartic Acid (NDGA) is a super-antioxidant predicted to be the active agent in the
effective treatment of various human illnesses, some of which have been associated with
oxidative stress (Illustration 2; Table 3). Oxidative stress is also a real phenomenon for plants, it
is possible that the NDGA content may have something to do with inhibition of effects of
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oxidative stress anticipated from heavy metals contamination on Creosote. NDGA has been
observed to account for five to 10% of dried leaf mass in Creosote Bush. It is also unknown if
lead has any effect on the concentrations of NDGA observed in Creosote Bush. However,
antioxidant super oxide dismutase (SOD) and other antioxidants have been observed to increase
as a counter response to the rise in ROS as a result of (Pb) exposure in plants. In addition, earlier
assumptions gathered from previous investigations resulted in the 1999 U.S. Patent No.
5,927,005 on the premise that Creosote Bush is a hyperaccumulator with the potential for use as
a cost-effective form of bioremediation. This is not substantiated through the temporal
comparison of the data collected on heavy metals in Creosote tissues.
The study by Gardea and Arteaga et al. (2001), subjected Creosote Bushes to
continuous drip flow of 2ml/h solution containing copper concentrations for 48hr. in a growth
chamber. The plants were then analyzed for heavy metals concentrations to assess whether they
had absorbed copper, and the results indicated that Creosote did absorb a substantial amount of
copper. Given current global climate change, and predictions for increased desertification, the
methodology of subjecting the plant to continuous flow of solution to increase bioaccumulation
may not be cost-effective for a large-scale operation. Although the current data associations
between CTI and BAC are not clear, Creosote appear ecologically to have a growth preference
for locations of higher drainage, and are well adapted for arid climates. Creosote experiences
poor growth at lower oxygen levels, which restricts its habitation to well aerated soil (Marshall,
1995). These soils typically have a caliche foundation where the optimum salinity is 500ppm and
growth inhibition has been observed at higher salt concentrations (Marshall, 1995). The effects
of chronic exposure to increased humidity on the plant’s root system and growth through the
methodology described have not been thoroughly investigated through repeated studies. Creosote
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Bush is predominately a clonal species, and sexual reproduction takes place to a lesser degree
seasonally, which is temperature and water dependent (Illustration 1) (Marhsall, 1995), the
spatial configuration of this clonal species and its root mass would further complicate such an
endeavor, and its growth and lifecycle phases would have to be taken into account. Furthermore,
clonal reproduction is a slow growing process (Marhsall, 1995) where spatial coverage of the
plant’s lateral root, and taproot, system may not be as ideal for bioremediation as would another
species containing a denser root matrix. A less dense root matrix in the use of bioremediation
would appear to imply that it would take more time to remove heavy metals, and
decontamination would not be spatially equilateral. Inhibition of root tip growth is another
documented side effect of (Pb) exposure in plants (Sharma & Dubey, 2005). Lead has been
observed to persist at the upper surface of the surficial soil horizon, this would imply much of the
remediation would rely on the lateral root system not the tap root, and assumes root growth
would not be inhibited by metals concentrations. Last, (Pb) binds strongly to organic and
colloidal matter, the bioavailability of (Pb) increases with acidity (Lower pH). Here in the
Chihuahuan desert, the pH remains at a near neutral range (5.0-7.5). Bioavailability is further
inhibited by the presence of phosphorous, and carbonate which is common to this region.
5.4 Limitations
The few studies done near and around the former ASARCO site that had clear sampled
locations listed, or GPS coordinates, was a limitation to this study (Figure 8; Figure 9). Much of
the locations previously sampled in 2001 were in urbanized areas which could introduce
sampling bias, or were on residential property which were inaccessible due to privacy laws. This
was compounded by the differences in sampling design between this study and previous studies
where the full breadth of sampling was not inclusive enough of the cardinal directions nor
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incremental distances from point source (Figure 8; Figure 9). The proximity of the international
border posed another limitation to accessibility by international law and resulted in a
disproportionately smaller number of samples collected towards the west. Other studies have
done extensive sampling of the Ciudad Juarez area, and concentrations were significantly lower
than those recorded east of the ASARCO on the United States side within two to three-mile
proximity of point source. The use of Creosote as a bioindicator was limited by the lack of
extensive research on the species specific biotic and abiotic aspects that could mediate the
process of uptake. In addition, the minute amount of data available concerning previously
recorded Creosote (Pb) concentrations is not sufficient enough to make for any kind of spatialtemporal analysis of pre-and post-demolition findings. This is also substantiated by the fact that
the plant sheds its leaves seasonally. Although Creosote and humans both hypothetically share
vulnerability to air quality, and do share similarities in the protein sites vulnerable to lead
interaction and resultant oxidative stress, its use as a bioindicator in this manner has not been
subjected to scientific investigation and would pose difficulty across species and higher taxa. The
time, and financial, constraints associated with collecting and processing more samples to
increase the statistical robustness of the sampling design and analysis became a limitation to the
types of statistical tests that could be utilized in this study.
5.5 Suggested Investigations
#1:
A more extensive sampling of the mountainous area 0.50 and 0.75 miles east of the zone of
impact at multiple elevations with consideration of topography (Compound Topographic Index)
in the sampling design.
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#2:
A microcosmic study of the route of uptake of heavy metals by creosote bush using two
treatments. The first, blowing (Pb) doped soil around in a closed environment, the second
treatment with (Pb) doped potting soil without artificially generated wind. The control would
have no treatment. Observe the concentrations in the leaves to determine the validity of aeolian
absorption and the rate.
#3:
If significant aeolian deposition can be validated by empirical evidence, then proceed with using
Creosote Bush leaves as a bioindicator for air quality at sub-regulatory levels. There could be
potential for further investigation among the similarities of concentration dependency and
oxidative stress in humans and plants from lead exposure as a result of air quality.
#4:
At 0.50 miles from point source, in the northwest transect, on the bank of the Rio Grande River
where the soil (Pb) concentrations was 32ppm, fresh water clam shells of what was likely the
species Corbicula fluminea and fecal pellets from some species of rabbit or hare were collected.
These were digested and analyzed using the same chemical analysis techniques. Their (Pb)
concentrations were 5ppm and 16ppm, respectively. The pre-processing techniques were likely
not sufficient enough to ensure accuracy of the content. Shaving of the outer layers may have
been required or coring of the pellet. A possible study could be to further investigate the
biomagnification of heavy metals near point source of the local fauna.
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5.6 Suggested Applications for the Future
#1:
Increase budgeting, for selective-dismantling during the demolition of industrial sites through
relevant technology, or development of such technology, for the purpose of ensured
environmental quality. It seems the environmental implications of failing to employ better
demolition practices only results in more financial liability in the future.
#2:
Investigations of contamination by governmental agencies or private industry should be legally
mandated to collect a statistically significant number of samples utilizing a sampling design that
accounts for radial increments of distance and azimuth from point source for a more thorough
assessment of spatial temporal distributions of contaminants by triangulating wind and
hydrological data to contaminant observations.
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Chapter 6: Conclusion
It is inferred that the lead in the soil is persistent but has not increased at greater distances
since the time of the ASARCO demolition. The current study and Garcia et. al. (2004), indicate
that concentrations decrease with distance from point source. At two ranges of distance there are
unexpected increases. This is likely indicative of contaminant trapping as a result of topography
and proximity to urbanized areas as can be expected from a non-uniform terrain, or as a result of
a small discrepancy in the number of observations used to calculate the mean concentrations at
those distances. In 2015, eighty-four percent of the soil (Pb) concentrations were less than the
Industrial Threshold of 1,000ppm, and 46 percent are above the Residential Threshold of
400ppm.
The sample locations that match between the 2001 and 2015 sampling design had 91
percent of the soil (Pb) content less than the Industrial Threshold, and 75 percent were less than
the Residential Threshold. Among both the 2001 and 2015 recorded soil (Pb) content, the higher
concentrations appear to be distributed along the same trajectory as the long-term trends in wind
direction from the west, northwest, and southeast. It appears that the driving force in the
distribution of concentrations over time is linked to wind, but serves more as a window into the
past when production was still taking place given the height of the smoke stacks from which
emissions came allowed for transportation over longer distances. The high concentrations in the
locations that align with the wind trajectories lend further insight into the persistence of the metal
contamination. However, after the ASARCO production stopped, hydrology likely had a greater
influence in changes in concentration at a more local or microcosmic scale which poses difficulty
in measuring and recording this phenomenon at the landscape level. The role of hydrology is less
clear in that the majority of data points which have a soil (Pb) ≤ 1,000ppm are associated with all
94

possible indices for water run-off and flood risk from precipitation events. The persistence of soil
(Pb) in the area may have something to do with the indices of water accumulation between 0 and
5, this range appears to neither transport by hydrological force, nor dilute by volume, existing
concentrations. With consideration of how few these observations are, further investigation
would be required into the hydrological aspects associated with contaminant redistribution.
The temporal comparison of the anomalously high concentrations in the soil containing
4,384ppm and 7,283ppm to previous studies of soil (Pb) recorded in the sub-region located
between 0.5 and 0.75 miles east of the zone of impact indicate that the source of this
concentration is recent, and extraneous compared to all other observations passed, or present.
This is further substantiated by the outlier analysis conducted on the dataset containing these
values which assigned them between 15 and 23 standard deviations outside the normal
distribution at a confidence interval > 99%. These high soil (Pb) concentrations are positioned on
a mountain side subject to high run-off and moderate water percolation from seasonal rain events
that would likely reduce any existing concentrations over time. This adds further evidence that
the high soil (Pb) content east of the zone of impact is recent. It appears that the force of impact
from the demolition caused a small and localized re-contamination event on 13 Apr. 2013
assisted by low wind velocity and wind azimuth that blew towards a south and easterly direction,
which resulted in soil (Pb) concentrations that exceed both the EPA’s Residential and Industrial
Thresholds of 400ppm and 1,000ppm, respectively.
Among the Creosote Leaf (Pb) concentrations 42 percent were less than, or equal to, the
normal expected background level of 13ppm, and 81 percent were less than 20ppm. Only three
percent of plants had (Pb) content greater than 50ppm. The Creosote Bush intended to serve as
bioindicators for pre-and post-demolition concentrations posing health risk as a result of air
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quality were not useful in assessing any spatial-temporal difference due to the limited number of
previously recorded data. Sixty-seven percent of the Creosote Bush have a base line rate of (Pb)
absorption (Biological Absorption Coefficient) of five percent of the soil concentration, or less,
at each location, and only 25 percent have a BAC > 10 percent. Specifically, the locations with
extremely high soil lead content have BAC of 1-3% observed in the plant’s aerial appendages.
Areas with very low soil (Pb) concentrations, in comparison, have a higher rate of (Pb)
absorption of up to 17 percent. These findings contradict the assumption that high concentration
results in a higher rate of absorption, and that aeolian deposition is the dominant route of entry
into the plant’s aerial appendages. The rate of absorption (BAC) is also not consistent with longterm trends in wind trajectory where if wind was the dominant force carrying (Pb) contaminants
to aerial appendages one would expect to see the BAC match those spatial trends. In Polette et
al. (2005), the roots of the creosote plant at locations with high soil concentrations held the bulk
of the (Pb) observed in the plant, this is consistent with the consensus from previous studies of
heavy metal and plant interactions that concentrations of heavy metals in plants typically
decrease with distance from the roots, and that the soil to root interface is the primary route of
bioaccumulation (Sharma & Dubey, 2005). Furthermore, the low concentrations of (Pb) in
Creosote in areas of high soil (Pb) content indicate this plant may fall under the
hyperaccumulator category known as “Excluder,” where biological mechanisms mediate the rate
of uptake and are concentration dependent. This adaptation would be optimal in preserving the
organism’s function as a whole, and its photosynthetic ability. The seasonal shedding of the
Creosote’s leaves means that using the plant for temporal comparison of pre-demolition and post
demolition concentrations is not a viable option. This is further substantiated by previous studies
that indicated (Pb) exposure causes narrowing of the stoma in plants, which was initially
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perceived to be the route of entry on the leaves. A comparison of indices that indicate water
runoff or water accumulation at locations where the Creosote were sampled showed a potential
association between biotic adaptive mechanisms and rate of uptake (BAC) with water. However,
it is unclear, and further complicated by soil chemistry. There is potential that the damage
prevention from oxidative stress as a result of (Pb) exposure, or morphological changes in
Creosote Bush, could be related to the antioxidant Nordihydroguaiaretic Acid (NDGA) that
accounts for 10 percent of dry weight in the plant leaves. This is supported by other plant studies
that observed increased antioxidant activity as a result of increased reactive oxidative species
(ROS) from (Pb) toxicity. However, the effects of (Pb) on, routes of uptake, protein content,
oxidative stress, leaf morphology, stoma size, and concentration dependence, is not well studied,
or understood for this species at present.
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